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Abstract
Photo-induced excited-state reactions stand in the center of function of the
photosensitive biological systems. These reactions can be accompanied by
structural changes of the chromophore (for example isomerization) which are
inﬂuenced by the nearest environment of the chromophore, and vice versa.
In bacteriorhodopsin (bR), the eﬀects of the protein environment are crucial
to assure high rate and outstanding bond selectivity of isomerization. In or-
der to identify if these eﬀects are of steric or electrostatic origin, we carried
out an extensive femtosecond time resolved ﬂuorescence study on the retinal
chromophore of bR in a large class of solvents. The latter diﬀer in viscosity,
dielectric constant, polarizability and hydrogen bonding abilities. To carry
out this study a novel experimental setup — the polychromatic ﬂuorescence
up-conversion, has been designed and constructed that allows broad band de-
tection of the ﬂuorescence spectra, with the time resolution of 100 fs.
It is found that in all studied solvents here essential part of the ultrafast
excited-state dynamics is dominated by intramolecular processes. Indeed, the
relaxation times and the period of the vibrational coherences, which are the
markers of the protein-solvent diﬀerence, do not show signiﬁcant dependence
with respect to viscosity and/or to dielectric constant of studied solvents. Ad-
ditionally, we ﬁnd that in solvents that are able to evacuate the excess energy
from the Franck-Condon zone, the chromophore is less likely to take a non-
reactive path (return to the initial state). Consequently, the photoisomeriza-
tion eﬃciency gets enhanced. Nevertheless, this solvent-induced enhancement
is far smaller than the enhancement induced by the photocatalytic eﬀect of the
protein binding pocket. These observations lead us to conclude that in fact
the dynamics of isomerization in protein are essentially determined by steric
eﬀects.
KEYWORDS: retinal, isomerization, ultrafast excited-state dynamics, ﬂuores-
cence up-conversion, solvent eﬀects
iii
iv
Re´sume´
Les re´actions photo induites d’e´tats excite´s sont au centre de la fonction des
syste`mes biologiques photosensibles. Ces re´actions peuvent eˆtre accompagne´es
par des changements structuraux du chromophore (par exemple l’isome´risati-
on) qui sont aﬀecte´s par l’environnement le plus proche du chromophore, et
vice versa. Dans la bacteriorhodopsine (bR), les eﬀets d’environnement de la
prote´ine sont cruciaux pour assurer un taux e´leve´ et une grande se´lectivite´
de l’isome´risation. Aﬁn d’identiﬁer si ces eﬀets ont une origine ste´rique ou
e´lectrostatique, on a mesure´ la ﬂuorescence re´solue en temps l’e´chelle fem-
toseconde, du chromophore re´tinal de la bR dissous dans des diﬀe´rents solvants.
Ces derniers ont e´te´ choisis parce qu’ils varient par leur viscosite´, constante
die´lectrique, polarisabilite´ et capacite´ de formation des liaisons hydroge`ne.
Pour re´aliser cette e´tude, un nouveau type d’expe´rience - la conversion de
ﬂuorescence avec de´tection polychromatique (polychromatic ﬂuorescence up-
conversion), a e´te´ conc¸u et construit, qui permet la de´tection de la ﬂuorescence
dans une large bande spectrale, avec une re´solution temporelle de 100 fs.
Il a e´te´ montre´ que dans tout les solvants e´tudie´s, l’essentiel de la dy-
namique ultrarapide de l’e´tat excite´ est domine´e par des processus intra-
mole´culaires. En eﬀet, les marqueurs de la diﬀe´rence prote´ine-solvant que
sont les temps de relaxation et les pe´riodes des cohe´rences vibrationnelles, ne
montrent pas de de´pendance signiﬁcative avec la viscosite´ et/ou la constante
die´lectrique des diﬀe´rents solvants utilise´s. En outre, on a trouve´ que pour
les solvants e´vacuant plus eﬃcacement l’e´nergie en exce`s de la zone Franck-
Condon, le chromophore a moins de probabilite´ de prendre le chemin nonre´actif
(retour vers l’e´tat initial). En conse´quence, l’eﬃcacite´ d’isome´risation est
ame´liore´e. Ne´anmoins, cette ame´lioration induite par le solvant reste beau-
coup plus faible que l’ame´lioration induite par l’eﬀet photocatalytique de la
cavite´ de la prote´ine. Ces observations nous ame`nent conclure que ce sont es-
sentiellement des eﬀets ste´riques qui de´terminent la dynamique d’isome´risation
dans la prote´ine.
MOTS-CLES: re´tinal, isome´risation, dynamique ultrarapide de l’e´tat excite´,
ﬂuorescence up-conversion, eﬀets de solvants
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Chapter 1
Introduction
The life of all living organisms on Earth depends on the energy that comes
from the Sun in the form of light. Plants eﬃciently use the light energy to
power the process of photosynthesis, and transfer energy to all other life forms
in the food chain. Through vision, humans and animals use the light as an
information carrier. In some of the light-induced reactions a chromophore
(a molecule that absorbs visible light) absorbs a photon and gets promoted
into the excited-state. The energy of absorbed photon is used to drive the
excited-state reactions which in turn initiate complex biochemical processes,
like bacterial photosynthesis [1], bacterial phototaxis [2], human vision [3],
and plant phototropism [4]. These initial steps in biological processes happen
extremely fast (it is commonly said they are “ultrafast”), on the order of
several picoseconds or even in the femtosecond time domain. They are often
accompanied by structural changes of the chromophore (e.g. isomerization),
which also inﬂuence the nearest environment of the chromophore and vice
versa.
Millions of years of evolution made these photoinduced excited-state re-
actions extraordinarily eﬃcient in living organisms. For example, the rods in
human eye are able to detect single-photon hits [5]. The environment sur-
rounding the chromophore can have a drastic photocatalytic eﬀect, i.e. it
greatly enhances yield of a photo-reaction. The environment can aﬀect the
chromophore by various mechanisms. For example, it may act as a dielectric
medium, it can position charges in close vicinity of the chromophore, or it can
limit movements and conformations of the chromophore by imposing steric
hindrance.
Indeed, the solvent environment proves to be crucial in the course of
photoreaction. The impact is even greater in the protein environment, where
the protein nanospace (PNS) around the chromophore may boost the reaction
rate even more. In contrast to structurally variable and ﬂoppy solvent environ-
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ment, the spatial structure of the PNS and eventual arrangement of charges in
it (ie. amino acids) can be made ﬁxed; the Nature ﬁne tunes the design with
the goal to maximize the eﬃciency of the photo-reaction.
The rate and quantum eﬃciency of reaction ultimately depend on the
topology of the excited-state potential energy surface of chromophore, that
determines the driving forces ultimately leading either towards successful com-
pletion of reaction, or to unreactive paths returning the molecule to its initial
conﬁguration. The study presented explores how diﬀerent solvent environ-
ments inﬂuence the excited-state dynamics and consequent photo-reaction ef-
ﬁciency of the chromophore of bacteriorhodopsin – protonated Schiﬀ base of
all-trans retinal (PSBR).
One approach to experimentally investigate the excited-state dynamics,
is to monitor ﬂuorescence of the chromophore as a function of time. For this
purpose, we constructed a ﬂuorescence up-conversion setup that is the most
commonly used technique for studying ultrafast emission processes in the sub-
100 fs region. In Chapter 2 we describe the experimental setup and present our
novel design of the technique that allows broad band detection of ﬂuorescence
with time resolution of 100 fs.
The following Chapter 3 identiﬁes diﬀerent excited-state relaxation path-
ways of the PSBR chromophore by decomposing time resolved ﬂuorescence into
three emission bands and corresponding kinetic time traces. The fact that in
acetonitrile the isomerization eﬃciency is larger by 50% with respect to other
solvents, was exploited to identify the reactive or non-reactive character of a
relaxation pathway. Since PSBR has largely diﬀerent isomerization eﬃciency
and bond selectivity in the protein and in solvents, we expected that the decay
constants of emission bands should be good markers of the relaxation pathways
and of the way these are inﬂuenced by the environment.
Another marker of the inﬂuence of environment, the period of vibrational
coherences that was observed in the ﬂuorescence decay curves, is explored in
Chapter 4. Finally, Chapter 5 concludes and summarizes the work.
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Chapter 2
Polychromatic Fluorescence
Up-conversion Setup
2.1 Introduction
Important insights into the dynamical behavior of many physical systems, like
dyes, polymers or semiconductors, can be obtained by time resolving their
emission [6]. Various techniques can be used for obtaining time resolution in
ﬂuorescence spectroscopy. Using a fast photomultiplier or a photodetector in
conjuction with fast acquisition electronics 50 ps resolution can be achieved.
With time-correlated photon counting systems it is possible to improve the
resolution up to 10 ps [7] with excellent dynamic range [8]. Single shot streak
cameras can provide a time resolution better than 1 ps [9], but their use is
restricted to strong signals since they possess inherent inability to average
signals over many laser pulses.
In the last few years, the photochemical processes of biologically relevant
chromophores and various aspects of their intra- and intermolecular relaxation
in liquid and protein environments are a dynamic ﬁeld of research. Since
the transient absorption spectra consists of various contributions originating
from diﬀerent transitions between the ground and excited state, studying the
time-resolved ﬂuorescence is often advantageous if one wants to concentrate
solely on the excited state dynamics. In biological systems, the latter is often
in the ultrafast region, i.e. faster than 100 fs, and none of the techniques
mentioned up to now achieves the desired time resolution. In the sub-100 fs
region, the only well-established technique is ﬂuorescence up-conversion that
employs sum-frequency generation [6, 10, 11]. The most common way to obtain
the time resolved spectrum is to spectrally reconstruct it from the emission
time traces collected at many diﬀerent wavelengths spread across the region of
interest. The drawback is that only a limited number of points is recorded in a
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reasonable time, usually one in every 5 nm, and consequently the reconstructed
spectra are of poor quality.
The technique that acquires entire transient spectrum for a ﬁxed time
delay proves to be much better [12]. As in transient absorption experiment, the
sum-frequency signal is spectrally dispersed on a multi-channel detector and
thus transient ﬂuorescence spectra are obtained. The polychromatic variant of
the up-conversion technique is not so time-consuming as the classical approach,
which is very important for the volatile biological samples (eg. photosensitive
proteins), and ﬂuctuations of the laser intensity can be tolerated and corrected
more easily. These considerations motivated us to start the construction of
such experimental setup – so called polychromatic up-conversion technique.
The speciﬁcity of our approach is:
a. sum-frequency generation is made eﬃcient in a large spectral region of
interest (λmax − λmin >200 nm) by rotating the up-conversion crystal
during the exposition, thus the intrinsic acceptance bandwidth of the
crystal is overcome.
b. before arriving at the spectrometer, the sum-frequency signal is passed
through a simple prism spectrometer that ﬁlters out unwanted light scat-
tering.
c. a back-illuminated charge-coupled device CCD camera is used as detector,
that can improve the signal-to-noise ratio by a factor of >2.2 [13].
After a scan is launched, which often lasts more than an hour, a two-
dimensional matrix representing a ﬂuorescence spectrum of the sample as a
function of time F (t, λ) is obtained. To make the routine application eas-
ier, the whole experimental setup is completely computer controlled and data
acquisition is automatized.
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2.2 Fluorescence up-conversion theory
2.2.1 Basic idea
The basic principles of how ﬂuorescence up-conversion achieves time resolution
are illustrated in Fig. 2.1. After the excitation by the pump pulse, the ﬂuo-
rescence is emitted by the sample and focused on the same spot (grey circle,
Fig. 2.2) of the non-linear crystal as the gate pulse. The crystal is oriented at
an appropriate angle θm with respect to the plane containing the ﬂuorescence
and gate beams (Fig. 2.2). When both the ﬂuorescence and gate pulse are
present in the crystal, a non-linear process called sum frequency generation
takes place. The sum (or diﬀerence) frequency photons are generated, who
are a combination of the two initial photons that belong to the ﬂuorescence
and gate pulse, giving the up-conversion signal. By changing the delay of gate
pulse (τ , Fig. 2.1) that usually has the duration smaller then 100 fs, we “slice”
the ﬂuorescence in time (observe experimental points on Fig. 2.1 C). In this
manner the time dependence of the ﬂuorescence intensity is measured.
Time
In
te
n
sit
y
up-converted signal
0
0 Time
delayed
gate 
pulse
excitation pulse
fluorescence
Time0
τ
0.80.60.40.20.0-0.2
 485 nm
 530 nm
 550 nm
A.
B.
C.
D.
Time
Figure 2.1: Schematic representation of ﬂuorescence up-conversion. Only the ﬂuorescence
signal appearing at the same time delay τ (shaded area, A.) as the gate pulse (B.) will
be frequency summed, giving the up-converted signal (squares, C.). Panel D. gives an
example of a real measurement – time traces describing the ﬂuorescence of all-trans PSBR
in methanol.
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2.2.2 Phasematching
In our experimental setup only the sum frequency generation process is used,
which we will consider in the following. The latter process is eﬃcient only if
the following two conditions for phasematching are satisﬁed. The ﬁrst is the
energy conservation
ωS = ωF + ωG (2.1)
and the second is the momentum conservation
kS = kF + kG (2.2)
where ωS, ωF , ωG and kS, kF , kG are the photon energies and wave vec-
tors of the up-conversion signal (S ), ﬂuorescence (F ) and gate (G) photons,
respectively. Supposing the F and G beams are collinear (α = 0, Fig. 2.2 A),
and noting that the norm of any k vector can be expressed by k = ωn(ω)/c
where n(ω) is index of refraction at frequency ω, the Eq. 2.2 simpliﬁes, and
can be reduced to
nS
λS
=
nF
λF
+
nG
λG
(2.3)
This simpliﬁcation makes the derivation of the phasematching angle much
easier and it is still applicable as an approximate expression in the case when
the angle between F and G beams α is small (Fig. 2.2 A). This is certainly
true in our experimental setup where α ≈ 5◦.
A common nonlinear optical crystal like KDP or BBO (Potassium Dihy-
drogen phosphate, KH2PO4; Beta Barium Borate, β-BaB2O4) are negatively
uniaxial which means that the light polarized along the optical axis of crystal
ez′ direction (Fig. 2.2 B) has an extraordinary refractive index ne ≡ nz′ , while
if the polarization is orthogonal to that plane it has ordinary refractive index
no ≡ nx′ = ny′ > ne. A beam with wave vector k is extraordinary (E) if the
electric ﬁeld oscillates in the ez′k plane and ordinary (O) if orthogonal to that
plane. The refractive index for an extraordinary beam can be written as [14]
1
n2e(θ, λ)
=
sin2 θ
n2e(λ)
+
cos2θ
n2o(λ)
(2.4)
Note how in the above expression azimuthal angle φ (Fig. 2.2 A) does not
enter which is the consequence of using uniaxial nonlinear crystal, thus n2e(θ, λ)
depends exclusively on polar angle θ. Note that angle θ is internal and the
external angles can be obtained by using the formula on Fig. 2.2 B. Eq. 2.4
can be expressed more simply
ne(θ, λ) = no(λ)
√
1 + tan2 θ
1 + (no(λ)/ne(λ))2 tan
2 θ
(2.5)
where the variation of the indexes with wavelength is described with Sellmeier’s
equations:
n2o(λ) = Ao +
Bo
Co − λ2 + Doλ
2 (2.6)
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Figure 2.2: Non-collinear Type I up-conversion scheme used in our experiment. A. The gate
and ﬂuorescence beams arrive in the xy-plane (laboratory coordinates) which also contains
their polarization vectors (double sided arrows, O – ordinary polarization). The up-converted
signal has the frequency ωS and the polarization is in the yz-plane (double sided arrows, E
– extraordinary polarization). The angle between the beams is α and they are, focalized on
the same surface A of the nonlinear crystal. Rotating the crystal around the x-axis changes
the tilt angle θm that inﬂuences the phasematching conditions, thus deﬁnes the frequency
of ﬂuorescence that is up-converted with the highest eﬃciency. Crystal thickness L, and
the azimuthal angle φ are also marked. B. Correspondence between internal and external
angles. θm phasematching angle, ie. polar angle with respect to the crystal optic axis ez′ ,
θc “cut” of crystal.
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and
n2e(λ) = Ae +
Be
Ce − λ2 + Deλ
2 (2.7)
The phasematching conditions in Eq. 2.1 and 2.3 can be satisﬁed by
adjusting the polar angle θ (Fig. 2.2 B) only if one or more of the rays (S,
F and G) propagate as extraordinary beams. In this experiment, Type I
interaction is used where ﬂuorescence and gate beams are O and signal beam
is E ( O + O → E). In this case the phasematching angle θm is given by
sin2 θm =
1/n2S(θm)− 1/n2o(λS)
1/n2e(λS)− 1/n2o(λS)
(2.8)
with nS(θm) obtained from Eq. 2.3, given by
nS(θm, λS) = no(λF )
λS
λF
+ no(λG)
λS
λG
(2.9)
where λF , λG and λS are wavelengths of the F, G and S beams, respectively,
and nS(θm, λS) is the index of refraction at λS for extraordinary beam travers-
ing the crystal at an angle θm to the optic axis ez′ (Fig. 2.2 B).
2.2.3 Up-conversion quantum eﬃciency
Using appropriate boundary conditions, the coupled Maxwell equations for
three waves are solved [15, 16], and the expression for up-conversion quantum
eﬃciency is obtained
ηq(Δk) =
NS
NF
=
2π2
c ε30
d2eff L
2
λF λS no(λF ) no(λG) nS(θm)
PG
A
sin2(LΔk/2)
(LΔk/2)2
(2.10)
where NS and NF are the number of photons in the S and F beams, respec-
tively, deff is the eﬀective nonlinear susceptibility of the crystal, L its thickness,
PG is the power in the gate beam, A is the area on which both beams are fo-
cused (Fig. 2.2 A), c is the velocity of light, ε0 is the free-space permittivity,
and Δk is the phase mismatch deﬁned as Δk = kS−kF −kG. The expressions
for deff (note the latter depends both on the angles θ and φ) any many other
properties of various nonlinear crystals are available in the free software SNLO
[17].
The last equation is valid when negligible gate beam depletion is assumed,
ie. the fraction of the power transferred from the gate beam at λG to the up-
conversion signal at λS is small. To increase the quantum eﬃciency ηq one has
diﬀerent options. The most eﬃcient way is to increase the crystal length L but
due to the group velocity delay (GVD) between F and G beams the ultimate
time resolution of the system (see Sec. 2.2.5) is deteriorated. Other possibility
is to increase the gate power PG but the drawback is increased intensity of
the second harmonic (SH) of the gate beam which may, due to scattering,
overcome the weak up-conversion signal, especially in the region close to λG.
What makes the optimization of experimental conditions even harder, is that
the gate SH intensity scales quadratically with PG whereas the up-conversion
signal shows only linear dependence on PG.
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2.2.4 Obtaining polychromatic up-conversion
From Eq. 2.10, the spectral bandwidth (FWHM) for a ﬁxed phasematching
angle θm is obtained [14]
Δλ =
π
2L
(
∂kS(λ)
∂λ
∣∣∣
λ=λS
− ∂kF (λ)
∂λ
∣∣∣
λ=λF
) (2.11)
The partial derivatives are calculated using the following approximation
∂kS(λ)
∂λ
∣∣∣∣∣
λ=λS
= −2π
λ2
[
no(λS)− λS ∂no(λ)
∂λ
∣∣∣∣∣
λ=λS
]
(2.12)
and
∂kF (λ)
∂λ
∣∣∣∣∣
λ=λF
= −2π
λ2
[
no(λF )− λF ∂no(λ)
∂λ
∣∣∣∣∣
λ=λF
]
(2.13)
The typical bandwidth Δλ obtained in our experiment at 800 nm for the
0.25 mm thick BBO crystal is about 20 nm (λF = 800 nm), a value to small to
cover the entire emission spectra of most samples discussed in the introduction.
Varying the tilt angle θm of the crystal we overcome this limitation, making
it possible to cover a very large ﬂuorescence spectral range spanning several
hundreds nanometers, from the excitation wavelength at 400 nm, almost up
to the gate wavelength λG.
2.2.5 Factors aﬀecting temporal resolution
Gate pulse duration
As it is illustrated on Fig. 2.1, time resolution in the up-conversion technique
is achieved using pulsed laser pulses whose temporal evolution is usually ap-
proximated by a gaussian pulse G(λ, t). If F (λ, t) is describing the ﬂuorescence
intensity as a function of time, then using Eq. 2.10 the up-conversion signal is
obtained
S(λS, τ) =
∫ ∞
−∞
ηq F (λF , t− τ)dt (2.14)
but since ηq(λP ) ∝ G(λP , t) we get that the signal is proportional to convolu-
tion of the ﬂuorescence with the gate pulse
S(λS, τ) ∝
∫ ∞
−∞
G(λP , t)F (λF , t− τ)dt (2.15)
It is clear the duration of the gate pulse sets the limit to the ultimate time
resolution, thus it is worth to use laser pulses with the shortest possible du-
ration. Nevertheless, there are also three other factors that deteriorate the
instrumental response function (IRF), making it longer than the one that can
be deduced from Eq. 2.15.
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Dispersion of pulses in refractive media
This phenomena aﬀects short laser pulses making its duration longer after
traversing dispersive media, eg. glass or quartz lenses. A short pulse has a
spectrum that is not a narrow spectral line but a spectrum extended around
central frequency ω0 (wavelength λ0). For example, a Fourier transform limited
Gaussian pulse has a FWHM of Δω · τ  2π · 0.441 [18]. In the media where
index of refraction varies strongly with the wavelength, group velocity for each
spectral component of the pulse is diﬀerent. This group velocity dispersion
(GVD) induces spectral chirp (each color in the pulse spectrum arrives at
diﬀerent time), and consequent temporal broadening of the pulse. A Gaussian
pulse of initial duration τ0 after passing a distance z through a dispersive
medium will have the new duration of
τ =
√
τ 20 +
(
4 ln2 z λ3 n′′(λ)
2π c2 τ0
)2
(2.16)
where n′′(λ) is the second derivative of the index of refraction with respect to
wavelength that can be calculated from Sellmeier’s equations for a dispersive
medium
n2(λ) = 1 +
B1λ
2
λ2 − C1 +
B2λ
2
λ2 − C2 +
B3λ
2
λ2 − C3 (2.17)
where coeﬃcients B1,2,3 and C1,2,3 for diﬀerent optical glasses can be
found in the Schott optical glass catalogue [19]. For example, an unchirped
400 nm pulse of τ0 = 40 fs after passing the 2 mm quartz lens will broaden to 43
fs. The eﬀect is getting larger for shorter wavelengths. Since the possibility of
future use of the up-conversion setup in the UV region should not be excluded,
we decided to design the experiment mostly with reﬂective optics, using the
lenses and ﬁlters only where it is necessary.
Group velocity mismatch
Similarly to the previously described broadening eﬀect of a single pulse, the
diﬀerent group velocities of two or more pulses centered at diﬀerent wave-
lengths, and propagating in the nonlinear crystal, induce further deterioration
of the IRF. In the case of O + O → E mixing, the group velocity mismatch
(GVM) between F and G beams passing through the crystal of thickness L
plays the role, and is given by
Δτ =
L
c
[
no(λG)− λG∂no(λ)
∂λ
∣∣∣∣∣
λ=λG
− no(λF ) + λF ∂no(λ)
∂λ
∣∣∣∣∣
λ=λF
]
(2.18)
Fig. 2.3 shows calculated GVM in the wavelength range used in our
experiment when 800 nm is used for gating. GVM between the 400 nm exci-
tation pulse and the 800 nm gate pulse is Δτ = 320 fs for 1 mm thick BBO
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Figure 2.3: Group velocity mismatch (per mm) calculated for O + O → E interaction in
the BBO crystal with λG = 800 nm.
crystal. Simulations have shown that for a Δτ comparable to the duration of
the pulses, the broadening to the cross-correlation will be around 10%. This
is an acceptable value, therefore we choose 0.25 mm thick BBO crystal.
Non-collinear geometry
When the up-conversion signal beam S is obtained in the crystal it is desirable
to spatially ﬁlter the remaining F and G beams so they do not proceed to the
detection system. One would think it is advantageous to choose the angle α
between them as large as possible. But, the inﬂuence of the beam geometry
on the IRF and up-conversion eﬃciency ηq can be substantial, as can be seen
on Fig. 2.4. Two beams crossed at angle α will have reduced interaction area
given by c τ(sin θ/2)−1 which will decrease the eﬃciency ηq, but also their
pulse fronts (dashed lines, Fig. 2.4) will not be parallel but tilted by θ/2.
This pulse front tilt deteriorates the time resolution since the outer rays
of each beam interact and give the sum frequency signal at diﬀerent time
delays. An approximate expression for such a broadening as a function of α
and the spatial distribution of a beam has been given in ref. [18]. Taking
the properties of the beams in our experiment and the angle α = 10◦, it is
calculated that the IRF can get even twice as large! Therefore, we limit the
angle α around 5◦, which is a good compromise between the time resolution
and the eﬀective spatial ﬁltering.
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Figure 2.4: Schematic diagram of the interaction between F and G beams in noncollinear
geometry. The pulse front are marked with dashed lines. Refraction at the crystal interfaces
has been neglected.
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2.3 Experimental setup
Ti:Sapphire oscillator with a 250 kHz regenerative ampliﬁer delivers 40 – 50
fs pulses with the central wavelength that can be varied from 800 to 850 nm.
With the 800 nm pulses a near-infrared OPA can be pumped to obtain the
pulses from 1 – 1.3 μ (dashed lines, Fig. 2.5). The most used NIR wavelength
was 1140 nm since it is ampliﬁed with the highest eﬃciency. About 70% of the
power of the 800 – 850 nm or 1140 nm beams is used for gating, whereas the rest
is frequency doubled in a 0.5 mm thick BBO crystal providing excitation beam
of 400 – 425 or 570 nm. The sample is in a ﬂow cell connected to a fast dye or
peristaltic pump. Fluorescence is collected and focused on the 250 μm BBO
crystal using oﬀ-axis parabolic mirrors. By turning the up-conversion crystal,
the whole spectral region of interest is phase matched, removing the limit of the
intrinsic crystals acceptance bandwidth (Sec. 2.2.4). Throughout the rotation,
the up-converted ﬂuorescence is continuously recorded with a spectrometer and
a LN2-cooled, back-illuminated charge-coupled device (CCD) camera.
Ti:Sa
oscillator
stretcher
250 kHz
regen. amplifier
compressor
NIR OPA
1 - 1.3 μm
2 ω
CCD
sp
ec
tr
o
m
et
er
delay line
sample
cut-off
filter
BBO
250 μm 
800 - 850 nm, 3 μJ
1140 nm
400 - 425m
570 nm 
ωS=ωF+ωG
flip mirror
800 - 850 nm
<50 fs
50 fs
G
E
Figure 2.5: Scheme of the polychromatic ﬂuorescence up-conversion experimental setup.
The polychromatic ﬂuorescence up-conversion setup has been construc-
ted to oﬀer the possibility of using various combinations of excitation (E) and
gating (G) wavelengths. Using the setup schematically depicted on Fig. 2.5 the
E/G modes of operations that are most easily attainable simply by switching
several ﬂipping mirrors or beamsplitters (thick dashed lines, Fig. 2.5) are: 400
– 425 nm/800 – 825 nm, 400 nm/1140 nm, 570 nm/1140 nm, 800 nm/1140
nm. Using this versatility it is possible to time-resolve ﬂuorescence in a large
wavelength region, from 400 nm to more than 1 μm. Extension the setup to
the UV region should not pose a lot of diﬃculties since only reﬂective optics
is used.
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2.3.1 Laser system
The whole 250 kHz ampliﬁed laser system and NIR OPA are commercially
available (Coherent, Santa Clara, CA). First part of the system is an Ti:Saphire
oscillator (Mira) pumped by a solid-state diode-pumped, frequency doubled
Nd:Vanadate (Nd:YVO) laser providing 532 nm output of 5 W (Verdi V5).
When it is optimized, it delivers 30 – 40 fs pulses (bandwidth should be >30
nm) with the repetition of 82 MHz and pulse energy of 3 nJ (250 mW output
power). By adjusting the BRF crystal on the oscillator it is possible to tune
the central wavelength from 790 to 850 nm.
The fs pulses from the oscillator are going to the grating stretcher where
they are stretched to several tens of ps and sent to the regenerative ampliﬁer
(RegA 9050) where they serve as seed pulses. The ampliﬁer is pumped by
the 10 W version of the above mentioned solid-state laser (Verdi V10). The
optimum number of the roundtrips in the ampliﬁer was determined to be
around 23. The ampliﬁed pulses are ﬁnally compressed to 50 fs with the
energy of 4 μJ per pulse. The latter pulses can be used to pump NIR OPA
(OPA 9850, Coherent) that delivers 0.6 μJ per pulse at 1140 nm (250 kHz).
The pulses from the OPA need to be compressed using a pair of two Brewster-
angle fused silica prisms. The ﬁnal beam leaving the complete laser system we
call the fundamental beam. It is horizontaly polarized, ie. the its polarization
is in the plane parallel to the optical table.
2.3.2 Gate beam
The laser pulses coming from the ampliﬁer or from the IR OPA (800 – 850
nm, 1140 nm) are divided by a 30%/70% beamsplitter. The stronger fraction
goes to the gate beam which is in the case of using intense 800 – 850 nm
pulses attenuated by a OD 0.15 – 0.3 neutral density ﬁlter (Fig. 2.6 A). This
is necessary since the tight focusing of < 100 μm provided by the oﬀ-axis 30◦
f=300 mm parabolic mirror (MP , Fig. 2.6 A) can burn the sum-frequency
BBO crystal. As a rule of thumb, for this focus diameter the power measured
before the crystal should not exceed 300 mW.
The time delay between excitation and gate pulses is controlled by mov-
ing a retroreﬂector mounted on a motorized translation stage. A linear back-
lash-free ball screw stage (M-ILS250, Newport) is driven by DC servo motor
(UE 404S2-T, Newport). It achieves 0.1 μm resolution corresponding to a
time delay of 0.67 fs. The translational stage is controlled by a control unit
(ESP300, Newport) which communicates through the GPIB interface with the
personal computer and acquisition program who sends the commands to move
the stage by a certain distance. The retroreﬂector is of hollow corner cube
type, in which the beam is reﬂected three times before being sent back. The
advantage of this design is that no matter how the retroreﬂector is aligned
the returned beam will be parallel to the incident beam with a deviation of
only 3 arc sec. All the mirrors used for reﬂecting the gate beam, including the
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retroreﬂector, are coated with gold which at 800 nm have the reﬂectivity of
99%.
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Figure 2.6: Mounting scheme of the A. gate and B. excitation beam branches. Schott BG
39 ﬁlters the fundamental remained after the doubling. The excitation cut-oﬀ ﬁlters are
Schott GG420, GG430 or OG590, used for 400, 425 or 570 nm excitation, respectively.
2.3.3 Excitation beam
The above mentioned 30%/70% beamsplitter sends the weaker fraction of the
input beam (fundamental frequency ω) to the excitation beam branch. All
optical components marked in the text can be found on Fig. 2.6 B. The beam
is focalized by a f=200 mm lens on a SHG crystal (BBO 0.5 mm, θc = 29
◦) that
generates the second harmonic of the fundamental (2ω) with ≈ 20% eﬃciency
and creates the excitation beam. The latter is recollimated by a 45◦ oﬀ-axis
parabolic mirror (f=50 mm), and the remaining fundamental is ﬁltered out
using a 2 mm thick Schott BG 39 ﬁlter. The excitation beam is then focused by
a 90◦ oﬀ-axis parabolic mirror (ME, f=50 mm) on the sample that is circulating
in the 0.5 mm (or 0.3 mm) pathlength quartz ﬂow cell (48/Q/0.5 Starna, Fig.
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2.7 A). Using CCD beam proﬁler, diameter of the excitation beam in the focal
point is determined to be 30 – 40 μm. The excitation power can be varied from
0 - 30 mW (when 800 nm fundamental is used) by turning a circular, variable
OD, neutral density ﬁlter (OD 0 – 1, LaserComponents) that is placed at the
very beginning of the excitation beam branch.
The emitted ﬂuorescence is collected over a large solid angle by a 45◦
oﬀ-axis parabolic mirror (f1=50 mm, M1) of 2” diameter, and collimated to
a similar parabolic mirror but with a longer focus (f2=250 mm, M2). The
ﬂuorescence is then focused on the sum-frequency crystal (BBO 0.25 mm, θc =
36◦) on the same spot as the gate beam. The excitation beam is suppressed
by a long-pass ﬁlter (exc. cut oﬀ ﬁlter) chosen according to the excitation
wavelength used, and placed 150 mm before the sum-frequency crystal. A
small 3× 3 mm black mask is attached at the at the point
Such a combination of parabolic mirrors M1 and M1 form a telescope
that magniﬁes the excitation focal point by a factor of ﬁve, creating its im-
age of 150 – 200 μ diameter in the plane of the sum-frequency crystal. The
magniﬁcation is needed to match the angle of acceptance of the sum-frequency
crystal to the divergence of the focused ﬂuorescence, a condition necessary to
achieve maximum up-conversion eﬃciency [14]. It is very important to adjust
the telescope in a way that the sharpest image of the excited portion of the
sample is projected on the crystal plane. Good image means diﬀerent partial
rays were travelling the same distance, having as the consequence preserved
time resolution. The latter is also maintained by using reﬂective instead of
dispersive optics since chromatic aberration (ie. focal length is wavelength
dependent) is avoided; an aberration that can be particulary annoying in a
polychromatic setup such as this one.
2.3.4 Sample ﬂow and pumps
If one wants to measure ﬂuorescence of molecules that after excitation produce
a photoproduct, and the latter absorb and ﬂuoresce in the same spectral region
as the initial molecule, it is necessary to avoid multiple excitations of the same
portion of sample. Otherwise, the ﬂuorescence of initial and photoproduct
molecules may be spectrally and temporally superimposed, making the data
analysis diﬃcult, if not impossible. This is the case of protonated Schiﬀ base
of all-trans retinal (all-trans PSBR) that after excitation can photoisomerize
to the cis form (see Chapter 3).
Using the highest ﬂow speed a peristaltic pump can achieve 5 mL/s and
a 0.5 mm pathlength ﬂow cell the sample is ﬂowing with the speed of 1.25
m/s. The sample chamber is 8 mm wide and the ﬂow cell is shown on Fig.
2.7 A. With an excitation spot of 40 μm diameter and 250 kHz repetition rate
one gets that a portion of the sample is excited 8 times before leaving the
excitation spot. Even if the repetition rate is reduced to 100 kHz, the sample
is still excited more than 3 times. This was the reason why we have chosen
to use a simple dye pump (Radiant Dyes) for the experiments with the PSBR
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samples. This pump can circulate the sample with a much higher speed of 6
m/s, a speed that makes a single shot sample excitation feasible.
Using the photoisomerization eﬃciencies from [20] and calculated pho-
tolysis values (extinction coeﬃcient from [21]) for the PSBR samples, it is
possible to calculate how many molecules in the excitation volume are photoi-
somerized per excitation pulse. A simple program was made to estimate the
amount of all-trans and cis PSBR isomers as a function of scanning time and
the number of multiple sample excitations (Fig. 2.7 B). It can be seen if each
portion of the PSBR sample is excited only once, within ﬁrst hour of the scan,
composition of the PSBR sample is >90% all-trans (initially 100%).
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Figure 2.7: A. The 0.5 mm pathlength ﬂow cell used in the experiment (picture from
Starna). B. Composition of the PSBR sample (initially 100% all-trans) as a function of time
elapsed in a scan, and of number of excitation pulses the same portion of sample receives.
250 kHz repetition rate, excitation spot diameter 40 μm, ﬂowcell pathlength 0.5 mm, ﬂow
rate 5 ml/s for peristaltic and 25 ml/s for dye pump.
Finally, direction of sample ﬂow is very important to avoid appearance
of air bubbles in the tubes and the ﬂow cell. These bubbles are an important
source of noise since the excitation and ﬂuorescence are scattered on them.
The sample from the container should be sucked up by the pump, from the
pump the sample then goes to the ﬂow cell after which the sample ﬁnally ends
up again in the initial container. The other direction should be avoided since
it creates a negative pressure in the tubes and air leaks in more easily.
2.3.5 BBO crystal
The sum-frequency BBO crystal is mounted on a rotational stage (SR50, New-
port) by which it can be rotated for ±43◦, making possible the phasematching
for a large wavelength range (>250 nm in the visible). The motor is controlled
by the same control unit (ESP300, Newport) as the translational stage (sec.
2.3.2. Once angle range and CCD exposition time is deﬁned by user and scan
started, the acquisition programs takes care to simultaneously open the CCD
shutter and starts the rotation of the crystal from the initial angle position.
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The speed of rotation is adjusted so that the ﬁnal angle position is reached
just in the moment CCD shutter is closing.
It is particulary important to place the crystal in the rotation axis of the
rotational stage. This adjustment is done by moving the translational stage
on which the crystal is ﬁxed, and is usually necessary to repeat only when
one needs to replace the crystal by another one with a diﬀerent mounting or
thickness. If the ﬂuorescence and gate beams foci are adjusted so that they
overlap at the rotational axis, the overlap point will always reside within the
crystal volume no matter how much the crystal is tilted. In this way, the
deterioration of the up-conversion eﬃciency with the tilt angle is minimized,
making polychromatic up-conversion feasible.
2.3.6 Signal ﬁltering and detection
Thanks to the noncollinear geometry used in the experimental setup, it is
possible to spatially ﬁlter out the gate and ﬂuorescence beams from the up-
conversion signal using an iris (Fig. 2.8). The latter is mounted few centimeters
after the sum-frequency crystal and its diameter and position can be ﬁnely ad-
justed to select exclusively the signal beam. After passing through a quartz
prism the signal is dispersed on a mask whose size and position can be ad-
justed (double arrows, Fig. 2.8). In that way unwanted long-wavelength light
originating from the scattering of the gate beam (800, 850 or 1140 nm), of the
non-up-converted ﬂuorescence, and more importantly of the second harmonic
of the fundamental, can be blocked.
iris
lens
signal
prism
mask 
SWP 
filter
Spectrometer
θt
z
rotational
stage
sum-frequency
BBO crystal
CCD
slit
Figure 2.8: Mounting scheme of the optical elements after the sum-frequency BBO crystal,
used for ﬁltering and focusing of the up-conversion signal to the spectrometer slit and CCD
(side view). SWP stands for Short Wave Pass ﬁlter: either Schott UG11 (800 – 850 nm
gate) or Semrock 532 nm SWP Raman edge ﬁlter (1140 nm gate) is used.
To further reduce this signal a ﬁlter appropriate for certain gate wave-
length is used: Schott UG11 UV pass ﬁlter for 800 – 850 nm, or Semrock
532 nm short wave pass Raman edge ﬁlter for 1140 nm gate. The main cause
of scattering are dust particles that are always present on the surface of the
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crystal. One should in any case avoid up-converting on the parts of the crystal
that are thermally damaged due to the excessive gate beam power.
The up-conversion signal is focused by an UV coated f=150 mm lens
to the entrance slit of spectrometer (SpectraPro 500i, Acton research). To
avoid that the scattered light enters the spectrometer, the slit width should
be made as small as not to loose the signal intensity (typically 300 μm to 1
mm). A grating blazed for 300 nm with 600 lines/mm is used for the ﬁnal
spectral dispersion of the signal. Finally, the spectrum is imaged onto the
chip of a liquid nitrogen cooled, back-illuminated charge-coupled device (CCD)
camera (SDS 9000, Photometrics). The spectrometer was calibrated using a
low pressure mercury lamp (Oriel) and an eﬀective linewidth of 1 nm (FWHM)
was obtained.
Finally, a complete mounting scheme of the polychromatic ﬂuorescence
up-conversion setup is shown on Fig. 2.9.
19
OD 0 - 1
e
xc
.
 cut-off
sa
m
ple
M
1
BG 39
M
2
 
su
m
-freq
.
SHG
delay line
OD 0.15 - 0.3
M
P
CCD
M
ira
Ti:Sa oscillato
r
stretcher
&co
m
pre
sso
r
RegA 9050
a
m
plifier
V
e
rdi V10
V
e
rdi V5
N
IR O
PA
p
rism
co
m
p
resso
r
800 n
m
1140 n
m
800 n
m
spectrometer
mask
prism
iris
SWP
mirror
400 n
m
570 n
m
LEG
EN
D
:
len
s
m
irro
r
flip
 m
irro
r
iris
filter
BS2
 
BS1
 
BS   beam
splitte
r 
F
igu
re
2.9:
M
ounting
schem
e
of
the
polychrom
atic
ﬂuorescence
up-conversion
setup.
D
ashed
lines
show
the
alternative
beam
paths
w
hen
N
IR
O
PA
is
operational.
20
2.4 Data treatment and setup characterization
The ﬁnal result of a polychromatic up-conversion scan is a Nstep×Npix matrix
F and a Nstep ×Npix matrix T
F = [fij] =
⎡
⎢⎢⎢⎣
f11 f12 . . .
f21 f22
...
. . .
fNstep,Npix
⎤
⎥⎥⎥⎦ , T = [ti] =
⎡
⎢⎢⎢⎣
t1
t2
...
tNstep
⎤
⎥⎥⎥⎦ ,
i = 1 . . . Nstep
j = 1 . . . Npix (2.19)
where Nstep is the number of time delay steps the scan contains, and Npix is
the number of CCD pixels (usually Npix=256 for the 4 × 4 binning that was
usually employed). Each matrix element fij represents ﬂuorescence intensity
at time delay ti and up-converted wavelength λ
U
j = a + b i
f(ti, λ
U
j ) ≡ fij (2.20)
where a and b are the wavelength calibration parameters. The “raw” matrix
F needs to be treated to obtain a ﬁnal matrix Ff describing as faithfully as
possible the “true” ﬂuorescence time evolution of a sample. Various macros
were programmed in IgorPro (Wavemetrics) to automatize six steps of the data
treatment. These steps are brieﬂy summarized here:
a. Cosmic ray subtraction: The ﬁrst step is to subtract the peaks inherent
to the cosmic ray radiation acquired during the scan. Generally, a cosmic
ray peak occupies only one pixel, therefore it is enough to replace its
intensity by average intensity of the neighboring pixels. ⇒ Fa
b. Background subtraction: Next, we subtract an average of several spec-
tra acquired before time-zero, ie. the background spectrum. This is
possible since it is observed that the background intensity is constant in
time. ⇒ Fb
c. Conversion to real wavelengths: Using the expression
1
λR
=
1
λU
− 1
λG
(2.21)
where λG is the gate wavelength, Fb is converted to Fc expressed in real
wavelengths λR instead of the up-converted ones λU .
d. Group delay correction: The eﬀect of group velocity dispersion (GVD)
that causes diﬀerent delays across the detected spectrum is corrected by
using the GVD correction curve (Sec. 2.4.1). ⇒ Fd
e. Time-zero determination: The position of time-zero is determined us-
ing a Raman line of the solvent (see Sec. 2.4.2). ⇒ Fe
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f. Spectral response correction: Finally, the data need to be corrected for
the spectral response of the setup. This is done by relative normaliza-
tion to the steady-state spectrum (see Sec. 2.4.3). Final matrix Ff is
obtained.
The steps 4, 5 and 6 will be covered in more detail in the following
sections, and the limitations imposed by the time and spectral resolution of
the setup will be discussed.
2.4.1 GVD correction
As it has been discussed in Sec. 2.2.5, the index of refraction of many common
optical glasses is wavelength dependent and according to Sellmeier’s equation
(Eq. 2.17) usually decreases in going to the red. Due to this dependence, the
phase vp(λ) = c n(λ)
−1 and the group velocity
vg(λ) = c
[
n(λ)− λ∂n(λ)
∂λ
]−1
(2.22)
is increasing with decreasing wavelength. Due to this group velocity dispersion
(GVD), red light after traversing diﬀerent dispersive media like the sample,
ﬂow cell windows, excitation cut-oﬀ ﬁlter and the sum-frequency crystal, will
arrive before the blue light. Therefore, although a sample might emit all
spectral components at the same time, the detected up-converted ﬂuorescence
will be “skewed” in time.
The GVD correction can be experimentally determined [22] by up-con-
verting the white light pulse generated at the same position in the ﬂow cell as
the ﬂuorescence of sample, ie. in the focus of the excitation beam. If the BG39
ﬁlter is removed, the fundamental beam with high energy pulses (≈ 0.1μJ) will
be tightly focused in the sample volume residing between glass windows of the
ﬂow cell. If water is ﬂowed through the ﬂow cell and the pulses are compressed
well enough (autocorrelation τAC < 70 fs), due to self phase modulation [18]
the white light continuum is generated. The continuum spans the wavelengths
from ≈ 350 – 900 nm and the generation process is instantaneous (10−16 –
10−15 s in the nonresonant case [22]. Therefore, one has a time zero reference
for a large spectral region. The instantaneous generation of the white light
pulses is seen in their temporal form that is identical to the cross-correlation
of the excitation and the gate pulse.
The eﬀect of GVD is nicely illustrated in Fig. 2.10 A, where it can be
seen how the blue components of the white light continuum arrive after the
red ones. The GVD correction curve is the relative delay between diﬀerent
wavelengths of the white light continuum coming to the up-conversion crystal.
In practice, it is necessary to ﬁnd the time delay Δt at which the maximum
intensity at a certain wavelength λ is reached and this is done by ﬁtting a time
trace at λ with a gaussian. Since the spectrometer cannot cover the entire
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Figure 2.10: A. Spectrotemporal 2D matrix representing the up-conversion signal of the
white light continuum in a limited spectral range (500 – 770 nm). The intensity rises when
400 nm is approached since the fundamental of 800 nm was used both for generation of
continuum and for gating. B. GVD correction curve when GG420 is used as the excitation
cut-oﬀ ﬁlter. The points represent the maxima of the time traces obtained from several
matrices, similar to the one in A.. The grey curve resulted from the ﬁt described in the text.
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up-converted spectrum of the white light continuum, several scans at diﬀerent
central wavelengths of spectrometer are needed.
Gathering the (Δt, λ) points obtained from several scans (Fig. 2.10 B),
and ﬁtting them by a power law function
Δt = t0 + Aλ
r (2.23)
the GVD correction curve is found. A and r are the ﬁt parameters (for 2 mm
thick GG420: A = 8.49 · 107 and r = −3.05) and t0 deﬁnes the time zero.
Usually it is possible to observe a Raman line of the solvent (see the next
section and Fig. 2.11), from which absolute position of the time-zero, and
thus t0, are determined . For the ﬁtting function a polynomial of 4th order
can be used with equal success. Finally, it was observed that over 95% of the
GVD is introduced solely by the 2 mm thick excitation cut-oﬀ ﬁlter.
2.4.2 Time-zero, spectral and time resolution
If ﬂuorescence of the sample possess an initial ultrafast Stokes shift of at least
2000 cm−1 it will be possible to spot the most prominent Raman line of the
solvent. Such a Stokes shift is often found in common organic chromophores
that we have mostly studied here. For example, in methanol and cyclohexane
we found the C-H stretch line around 2970 cm−1 (Fig. 2.11 A) whereas for
water the 3400 cm−1 O-H stretch line. The time trace taken at the Raman’s
peak (484 nm, Fig. 2.11 B) was used to determine the instrumental response
function (IRF), ie. the time resolution of the up-conversion setup and to ﬁx
the position of the time-zero. Since some weak ﬂuorescence is superimposing
with the Raman line, the time trace is not symmetric. Therefore, it was ﬁtted
with a gaussian only in a region where the Raman line dominates (dashed
lines, Fig. 2.11 B), resulting with the IRF of 125 fs FWHM.
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Figure 2.11: A. Fluorescence spectra of the all-trans PSBR in cyclohexane for early times
upon 400 nm excitation. The peak at 484 nm is the C-H stretch Raman line (2970 cm−1)
B. Time trace taken at 484nm, ie. at the peak of the Raman line from A. (open circles).
Dashed line mark the region used for ﬁtting the trace with a Gaussian.
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Using commercially available autocorrelator (PulseScope, APE), the au-
tocorrelation FWHM of the fundamental beam entering the experiment was
determined to be 75 fs, corresponding to the duration (FWHM) of the gate
pulse of 53 fs. Since the SHG crystal is thick only 0.25 mm, the generated
excitation pulse cannot be longer than 60 fs (sec. 2.2.5). Calculating the
cross-correlation between them in a collinear geometry we get 81 fs. As it was
discussed in sec. 2.2.5, we can conclude that the non-collinear geometry is
responsible for more than 50% larger IRF.
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Figure 2.12: Up-converted spectrum of the 543.5 nm He-Ne laser line. The wavelengths
were converted back to the real values.
The spectral resolution of the setup is limited by the spectrum width of
the gate pulse. It has been determined by up-converting the 543.5 nm line
of green HeNe laser, and is equivalent to 14 nm in the ﬂuorescence spectrum
(Fig. 2.12).
2.4.3 Spectral response calibration
After applying ﬁrst ﬁve steps on the initial matrix F we obtain the matrix Fe
which needs to be corrected for the spectral response of the setup. This is done
as following. First, each j-th column from the matrix Fe is individually ﬁt to
a multiexponential decay convoluted with an IRF (obtained in Sec. 2.4.2),
and thus the ﬂuorescence time decay at λRj is described in analytical form
– D(t;λRj ). The spectral correction factor cj at λ
R
j is obtained via relative
normalization of the time integrated intensity of D(t;λRj ) to the steady-state
spectrum Fs(λ) of the sample, according to the following expression [23]
cj =
Fs(λ
R
j )∫ T
0
D(t;λRj )dt + D(T ;λ
R
j )τ∞
(2.24)
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where T corresponds to maximum delay time reached in the scan and τ∞ is
the longest decay constant obtained from the multiexponential ﬁt. When cal-
culating the cj coeﬃcient in this manner, it is necessary that the scan extends
to delay times long enough that the spectral evolution is complete. Since with
the current delay line it is possible to reach 300 ps, this condition was al-
ways satisﬁed with the samples we have used up to now (PSBR, organic dyes,
photosensitive proteins).
Once all cj are known, the spectrally corrected matrix F
f is obtained
from
Ff = Fe×C =
⎡
⎢⎢⎢⎣
f e11 f
e
12 . . .
f e21 f
e
22
...
. . .
f eNstep,Npix
⎤
⎥⎥⎥⎦×
⎡
⎢⎢⎢⎣
c1 0 . . . 0
0 c2
...
...
. . . 0
0 . . . 0 cNpix
⎤
⎥⎥⎥⎦ (2.25)
Multiplying Fe by the diagonal matrix C is equivalent to multiplying the j-th
column by cj, for j = 1 . . . Npix. Fig. 2.13 shows some typical spectral response
functions c(λRj ) = cj obtained in experiments with 800 nm or 1140 nm gating
wavelengths.
2.4.4 Steady-state measurements
The steady-state ﬂuorescence was measured using either a modiﬁed Spex ﬂuo-
rimeter (Edison), a portable ﬁber ﬂuorimeter (AvaSpec-2048, Avantes) or the
same CCD camera and spectrometer as in the up-conversion setup. The Spex
ﬂuorimeter is equipped with a Si avalanche diode for recording the near-IR
ﬂuorescence with higher eﬃciency. The data I(λ)dλ are corrected for the spec-
tral response, determined by using standard red-emitting dyes (coumarin 343,
DCM, sulphorhodamine, rhodamine 6G, pyridine 2, oxazine 750, and styryl
11). The CCD/spectrometer setup oﬀered the best signal-to-noise ratio. Fig.
2.14 gives its spectral correction curve which becomes unreliable for λ <550
nm since the selfabsorption of the dye used in this region (coumarin 343) starts
to appear.
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Figure 2.13: A. Steady-state ﬂuorescence spectra of all-trans PSBR in methanol compared
to time integrated intensities of three scans (800 nm and 1140 nm gating wavelengths). B.
Spectral correction curve obtained from the spectra from A..
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Figure 2.14: Spectral correction curve of the CCD/spectrometer setup used for steady-
state ﬂuorescence measurements.
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2.5 Results
To conclude, we present an example of completely corrected measurement that
results from the polychromatic up-conversion setup (Fig. 2.15). The sample
was all-trans PSBR in methanol and the parameters used in this experiment
are summarized in the following:
OD of the sample at 400 nm : ≈ 0.43
Angle interval of the crystal rotation : θ ∈ [−5◦; 13◦]
Exposition time (per time step) : 15 s
Gate pulse autocorrelation duration (FWHM) : 72 fs
Energy of an excitation pulse : 20 nJ
Energy of a gate pulse : 0.8μJ
Diameter of the excitation beam focus : 40μm
Diameter of the ﬂuorescence focus : 200μm
Diameter of the gate beam focus : 130μm
Flow speed of the sample : ≈ 6 m/s
Photolysis of the sample : 30%
Slitwidth of the spectrometer : 500μ m
Excitation cut-oﬀ ﬁlter : GG420
Filter in front of the spectrometer : UG11
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Figure 2.15: Three-dimensional surface plot of the time-resolved ﬂuorescence of all-trans
PSBR in MeOH excited at 400 nm and gated at 800 nm. The plot is obtained by merging
two scans obtained with two diﬀerent diﬀerent center wavelengths. Note the arrows pointing
to a Raman peak of MeOH and to the scattering of the excitation beam.
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Chapter 3
Solvent Eﬀects on the Excited-State
Dynamics and Photoisomerization
Eﬃciency of Retinal Chromophore
3.1 Introduction
In this Chapter, we propose a microscopic picture of environment’s inﬂuence on
the potential energy surface topology and consequent excited state dynamics
based on an extensive experimental study on one paradigm molecule - all-trans
retinal. It is the chromophore in many bacterial forms of retinal proteins such
as bacteriorhodopsin (bR) and sensory rhodopsin II found in Halobacterium
Salinarum [1]. These relatively small proteins are important model systems for
transmembrane proton/ion pumping and for bacterial photosensors involved
in phototaxis. As a general feature conserved in all retinal proteins, retinal
is covalently bound to the nitrogen atom of a lysine residue leading to the
protonated Schiﬀ base form of retinal (PSBR, Fig. 3.1). Ultrafast photo-
isomerization is an important premise of the protein function and has thus been
characterized extensively by femtosecond (fs) pump-probe and ﬂuorescence
spectroscopy in retinal proteins [24, 25, 26, 27, 28, 29, 30, 31]. Fs mid-infrared
spectroscopy has conﬁrmed the trans-cis isomerization in the protein to occur
in 450 – 500 fs
Recent quantum chemical calculation indicated a two-state/two-mode
model which is nowadays generally accepted and successful in rationalizing ex-
perimental observations [32], which we brieﬂy describe in the following. After
absorption of a photon, population relaxation on the excited state PES pro-
ceeds in two steps. The ﬁrst step is ultrafast (<50 fs) structural relaxation of
excited retinal along totally symmetric C=C and C-C stretching modes that
are non-reactive but Franck-Condon (FC) active. This has been revealed by
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fs-visible spectroscopy [33, 34, 35], also at very high time resolution [36], and
is a direct consequence of the bond order change in the excited state [32], re-
quired for the isomerization to occur. It is believed that this step is due to the
intraretinal dynamics, and is common for various chromophores [37].
9 13
N
H
(+)
Lys
Figure 3.1: The chromophore of bacteriorhodopsin and sensory rhodopsin II: protonated
Schiﬀ base of all-trans retinal.
It is believed that when initial relaxation is completed, population is in a
saddle point on the PES where coupling of the stretching modes with torsion
becomes signiﬁcant. Here, the second step starts, and the molecule begins
movement along the reaction path, leading to conical intersection (CI) from
which population irreversibly ends up in the ground state. The environment
plays an important role in this second step, since in bR the isomerization
yield is high (65%) and occurs selectively around the C13 = C14 double bond,
whereas in solution the yield is low (<14 – 27%) and the isomerization is
highly nonselective [38, 20]. It was suggested that this “photocatalytic” action
of the protein is determined by the presence of charged residues (Arg82, Asp85,
Asp212) in the vicinity of retinal [39, 40, 41], although this issue is not yet
settled [42].
Furthermore, PSBR undergoes a 12− 18 D dipole moment change upon
vertical excitation [43, 44, 45], and it has been suggested that the sudden
polarization of the protein pocket induces an ultrafast dielectric response of
the environment [46, 47], similar to that found in polar solvents [48], which
may also drive the isomerization dynamics. A rationale about the role of
the dielectric response on the isomerization yield lies in the two-electron two-
orbital model by Bonacˇic´-Koutecky´, Koutecky´ and Michl [49, 50, 51, 52], which
associates trans− cis isomerization with shift of the positive charge from the
Schiﬀ base nitrogen tail to beta-ionone ring. Recently, the extension of this
model was proposed by Burghardt, Cederbaum and Hynes [53] where this
charge transfer process was coupled to the solvents’ electrostatic properties. It
was found that solvents can change the CI topology, and in some cases even
completely remove it.
To address these environmental issues, it is useful to investigate the ul-
trafast photophysics of the retinylidene chromophore as a function of solvent
properties, such as viscosity, dielectric constant, polarizability and hydrogen
bonding ability. Varying the time scales and weights of inertial and diﬀusive
solvent response (as in Horng et al [23]) may be also useful. This would help
disentangle intramolecular dynamics (internal conversion, isomerization) from
the intermolecular ones (dielectric response, viscosity) and clarify the interplay
between the two, bearing in mind the low yield and unselective isomerization
in solutions [54, 20].
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Figure 3.2: Two-state/two-mode model from [32]. Absorption of a photon brings the
population in the Franck-Condon zone (FC) and at ﬁrst retinal molecule relaxes along the
skeletal stretching mode to the ﬂat energy valley, the stationary point (SP). From there the
relaxation along torsional coordinate starts, leading to the conical intersection (CI).
Steady-state absorption and ﬂuorescence studies of unprotonated and
protonated n-butylamine Schiﬀ bases of all-trans retinal were performed [38,
54], along with measurements of the ﬂuorescence quantum yields and lifetimes
[55, 56, 57]. From these studies, it was concluded [55] that both absorption
and emission of the PSBR forms are dominated by the same S0−S1 transition
with strong one-photon allowed 1Ag −1 Bu character.
The ultrafast ﬂuorescence spectroscopy of all-trans PSBR in solution has
been reported by a few groups [58, 59, 60]. In up-conversion experiments, an
initial 100 fs decay was observed, followed by a slower 3 – 7 ps decay time of
the excited state. Although initially the longer decay times were attributed to
isomerization, but more recent work on 13-cis locked retinal analogs 6 revealed
similarly short decay times, and put this interpretation in question [61]. Fi-
nally, the quantum chemical calculations [62] again ascribed the 3 – 7 ps decay
to the isomerization channels since it was shown that the locking applied by
Hou et al. [61] was not suﬃcient to induce a barrier along the trans− cis re-
action coordinate. In addition, since the cis and trans isomers in solution have
very similar absorption spectra, it has not been possible to give direct evidence
for the formation of the cis forms. Finally, a systematic solvent dependence
study of PSBR dynamics in solution has not been carried out.
Here we report on the ultrafast spectral evolution of the ﬂuorescence of
all-trans PSBRs with triﬂuorocarboxylate or trichlorocarboxylate counteran-
ion in protic (methanol MeOH, 1-octanol OctOH, and 2-propanol ProOH)
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and nonprotic solvents (acetonitrile AC, cyclohexane cHex and dichlorometh-
ane DCM). The rationale behind this choice is that they diﬀer by more than
one order of magnitude in viscosity and dielectric constants (Table 3.1). These
physical parameters are known to strongly aﬀect the intramolecular struc-
tural response (eg. isomerization) and the intermolecular dielectric response
of molecules in solvents [23]. For example, OctOH shows a relatively slow di-
electric relaxation time of 27 ps, whereas MeOH has an average relaxation time
of 3–5 ps [23]. There is also one particular solvent (acetonitrile) that can help
us distinguish the spectral signatures of reactive paths from the non-reactive
relaxation to the ground state. In acetonitrile, the photoisomerization yield
is more than 50% larger (φ = 0.27 [20]) than in all other solvents (φ ≤ 0.17
[20]), a fact that should aﬀect some aspects of the excited state evolution.
This solvent is known to have a particulary strong inertial ultrafast part of the
solvation response [23], almost as in water [63].
Using the ﬂuorescence up-conversion technique in a “polychromatic mo-
de” [13], we are able to monitor excited state relaxation in a very detailed
fashion through the rise, decay, and shifts of the time-gated emission spectra.
We identify three emission bands, 1) a short lived, high-energy band, which
we attribute to transient emission caused by the wavepacket evolution along
the manifold of low-frequency modes, 2) a band belonging to vibrationally
hot emission due to high frequency mode, and ﬁnally 3) the most intense,
longer lived low-energy band (main band) that decays largely in a biexponential
fashion. The decays of the main band, longer than 3.4 ps, we attribute to a
reactive channel leading to isomerization around various carbon bonds. All
ﬂuorescence quenching shorter than 1.3 ps represents, we believe, the paths
back to the all-trans ground state. Curiously, these non-reactive paths are
more accessible when suﬃcient excess energy is put in the chromophore. In
addition, we ﬁnd that if the excess vibrational energy is evacuated fast enough
from the S1 state to the solvent, or/and to the ground state S0 by internal
conversion process, the chromophore is less likely to take a non-reactive path,
so that taking the reactive path becomes more probable, and consequently the
isomerization yield enhanced.
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3.2 Experimental procedures
The ﬂuorescence up-conversion experiment is based on a Ti:Sapphire laser sys-
tem with a 250 kHz regenerative ampliﬁer (RegA-9050/Mira Seed; Coherent,
Santa Clara, CA) delivering 40 − 50 fs pulses at 800 or 850 nm. In combi-
nation with the near infrared OPA (OPA; Coherent) 50 fs pulses at 1140 nm
were obtained, making possible to detect the ﬂuorescence up to 1 μm. The
excitation beam of 400, 425 or 570 nm was generated by frequency doubling
in a 500 mm thick BBO crystal.
The n-butylamine Schiﬀ bases of all-trans retinal were prepared according
to previously described methods [58] and protonated using a 3-5-fold excess of
trichloracetic (TCA) or triﬂuoroacetic (TFA) acid. TFA was additionally used
since the protonation of the PSBR with TCA in acetonitrile was unstable on
the room temperature. It should be stressed that the change of the counterion
(triﬂuorocarboxylate or trichlorocarboxylate) does not aﬀect the spectrotem-
poral behavior of the PSBR ﬂuorescence. Anhydrous solvents (Fluka, Buchs,
Switzerland, or VWR, Dietikon, Switzerland) were used as received.
Approximately 250 mL of the PSBR solution (optical density 9 – 15/cm)
is ﬂown through a 0.5 mm path length ﬂow cell using a dye laser pump (ﬂow
speed 5 – 6 m/s), and the ﬂuorescence is collected in transmission geometry.
For excitation, 4 – 20 nJ pulses were focused in a spot of ≈ 40 μm diameter
(≈1.4 mJ/cm2). Thus, <20% of the molecules are excited per shot in the
focal volume. The sample circulation speed was matched with the high laser
repetition rate to ensure that the sample volume contains <10% cis isomers.
Accumulation of cis isomers after 4 – 5 h of exposure slightly changes the
kinetics, but the data reported here have been obtained on freshly prepared
samples that were exposed not more than 60 min.
A BBO crystal of 250μm thickness is used for the sum frequency genera-
tion. We work in a “polychromatic” mode, where by turning the up-conversion
crystal, the whole spectral region of interest is phase matched, removing the
limit of the intrinsic crystals acceptance bandwidth [13]. Throughout the rota-
tion, the up-converted ﬂuorescence is continuously recorded with a spectrom-
eter and a LN2-cooled, back-illuminated charge-coupled device (CCD) camera
(15 s exposure time). After the up-conversion crystal, the sum frequency
beam goes through a pinhole followed by a combination of a quartz prism and
a mask, which ﬁlters unwanted long-wavelength light: the gate beam (800, 850
or 1140 nm), non-upconverted ﬂuorescence, and more importantly the second
harmonic of the fundamental. To further reduce this signal a ﬁlter appropriate
for certain gate wavelength is used: Schott UG11 UV pass ﬁlter (Schott Glass
Technologies, Mainz, Germany) for 800 and 850 nm, or Semrock 532 nm short
wave pass Raman edge ﬁlter (Rochester, NY) for 1140 nm gate. In the former
case, the spectral window is limited to λ=420 – 720 nm, whereas in the latter,
it goes well beyond visible wavelengths λ=590 – 970 nm. The remaining back-
ground signal, measured at negative delay times, is averaged and subtracted
from the raw data.
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Time-resolved spectra obtained with 800/850 nm and 1140 nm gate wave-
lengths are corrected for the spectral sensitivity of the up-conversion setup
using steady-state spectra. After correction, they are merged together, which
allows coverage of the complete PSBR ﬂuorescence spectrum (λ=420 – 950
nm). The group velocity dispersion induced by optical elements in the ﬂuores-
cence path (including a GG420 ﬁlter) was measured using white light generated
by 800 nm pulses in the same ﬂow cell ﬁlled with water. By observing the up-
converted Raman line of the solvent, time zero was determined, along with the
instrument time response function of 100 fs width for 800 or 850 nm gate, or
125 fs for 1140 nm gate. The spectral resolution of the instrument is equivalent
to 14 nm in the ﬂuorescence spectrum determined by up-converting a He-Ne
laser line.
Steady-state absorption spectra are recorded in a PerkinElmer (Welles-
ley, MA) or Shimadzu (Japan) spectrophotometer. Steady-state ﬂuorescence
was measured using either a modiﬁed Spex (Edison, NJ) ﬂuorimeter, a ﬁber
ﬂuorimeter, or the same CCD camera and spectrometer as in the up-conversion
setup. The Spex ﬂuorimeter is equipped with a Si avalanche diode for recording
the near-IR ﬂuorescence with higher eﬃciency. The data I(λ)dλ are corrected
for the instrument response, determined by using standard red-emitting dyes
(coumarin 343, DCM, sulphorhodamine, rhodamine 6G, pyridine 2, oxazine
750, and styryl 11), and multiplied by λ2 upon conversion from wavelengths
to wavenumbers [8]. The steady-state ﬂuorescence spectra are obtained on
samples with optical density 0.5 – 0.6/cm under excitation at 400 nm or 0.05
– 0.07/cm at 575 nm.
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3.3 Results
In the quest for determining the spectral markers of non-reactive and reactive
channels, the following section will mainly concentrate on the solvents for which
the photoisomerization quantum yield (Φiso) was previously determined either
with various high-pressure liquid chromatography (HPLC) techniques [38, 54,
20] in the case of methanol and acetonitrile, or with a 1H-NMR technique in
the case of dichloromethane [64]. The results for all solvents studied here were
compiled in Table 3.1.
3.3.1 Steady-state spectra
The steady-state absorption of the PSBRs exhibits small relative maximum
shifts from solvent to solvent, starting from 444 nm in MeOH and ending up
at 464 nm in DCM (Fig. 3.3 A). Red (DCM) and blue (n-alcohols, acetoni-
trile) shifts relative to cHex are present which can not be simply explained
with general dielectric continuum theory of solvatochromic shift of the type
originated by Ooshika, Lippert and McRae [66, 67, 68], probably because this
model does not take into account speciﬁc solute-solvent interactions. For ex-
ample, PSBR in DCM absorption shows even larger redshift (up to 510 nm)
when the concentration of the protonating acid is increased over standard 4-
fold excess due to the homoconjugation eﬀect that weakens interaction of the
counterion with the Schiﬀ base positive charge [69]. However, some trends in
the case of hydrogen bonding solvents can be observed. As reported previously
[55], they show slight absorption shift to the red with increasing polarizability
(refractive index nd in Table 3.1).
The absorption maxima lie in the 21500 – 22600 cm−1 range, and the
spectral width does not change signiﬁcantly as a function of solvent properties.
We ﬁnd a full width at half-maximum (FWHM) of ≈5200 cm−1, which is ≈30%
larger than for all-trans PSBR in retinal proteins. According to two-photon
thermal lens study by Birge et al. [70] the S0–S2 transition contributes to
the absorption proﬁle but is unresolved here. The absorption spectrum may
have non-negligible one-photon character, as in the case of bR [70, 71]. Recent
calculations [72] show how the inclusion of the negative counterion greatly
diminishes the S1–S2 separation from the value of 5000 cm
−1 obtained by
calculations for the isolated chromophore [62], leading to an S1 isomerization
energy proﬁle where these two states become degenerate. For E>28000 cm−1,
the absorption spectrum shows contributions of non-protonated Schiﬀ bases
[54].
A somewhat more pronounced solvent dependence is observed in the
ﬂuorescence spectra obtained with the 400 nm excitation, providing a large
amount of excess energy to the chromophore (Table 3.1). One has to keep in
mind that the steady-state spectra are an average over a short time window
set by the ﬂuorescence lifetime: 7 ps for AC, ≈4 ps for MeOH and DCM, and
≈2 ps for cHex (see <τ> in Table 3.1). It might well be possible this lifetime
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Figure 3.3: A. Steady-state absorption Ab(ν) and ﬂuorescence Fl(ν) spectra of PSBR
obtained in acetonitrile, methanol, dichloromethane, octanol and cyclohexane. The ﬂuores-
cence spectra are corrected for background signals and the instrumental spectral response.
B. Corresponding lineshapes Ab(ν)/ν and Fl(ν)/ν3 of the spectra from A.
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is too short to allow the monitoring of the vibrational relaxation and dielectric
solvation processes until their completion. Loring et al. [73] calculated the time
resolved ﬂuorescence spectra using a single harmonic oscillator description of
vibrational relaxation when the oscillator is coupled to a harmonic bath (i.e.
solvent). From this calculations it can be concluded that in the ﬁrst order the
intramolecular processes are mostly responsible for the ﬂuorescence narrowing
especially on its high-energy side, whereas the eﬀect of solvation can be spotted
if both the high and low-energy wings of the band simultaneously move to lower
energies (dynamic Stokes shift).
Let us ﬁrst consider the solvation eﬀects. For OctOH, the ﬂuorescence
lifetime is much shorter than the dielectric relaxation time [23], whereas the
nonpolar cHex is known to show no dielectric Stokes shift at all [74] so that
the Stokes shift can be considered to be due to intramolecular processes only.
On the other hand, since AC and MeOH are the most polar solvents with the
fastest solvation dynamics among the solvents studied here [23], a redshift is
expected as a consequence of dielectric solvation. Assuming complete solvent
relaxation, an approximate value of the peak-to-peak Stokes shift Δνsolv caused
exclusively by dielectric response of solvent molecules has been derived by
Lippert [67, 75] and Mataga [76] by using a spherical cavity reaction ﬁeld
model
Δνsolv =
2
hc
(μ1 − μ0)2
a3
F (εr, nd) (3.1)
where μ0 and μ1 are the ground and excited state dipole moments, re-
spectively, a is the cavity radius, and F (εr, nd) is a measure for the solvent
orientational polarizability (or the reaction ﬁeld factor)
F (εr, nd) =
εr − 1
2εr + 1
− n
2
d − 1
2n2d + 1
(3.2)
with εr as static dielectric constant and nd stands for the optical refrac-
tive index of solvent. Finally, the total Stokes shift is given by the following
expression
Δν = νA − νF = Δνsolv + Δνi (3.3)
where for νA and νF should not be taken the maxima of the experimen-
tally obtained absorption Ab(ν) and ﬂuorescence Fl(ν) (Fig. 3.3 A), but the
maxima of their corresponding lineshapes Ab(ν)/ν and Fl(ν)/ν3 [77], respec-
tively (Fig. 3.3 B). The additional term is the intramolecular contribution to
the total Stokes shift Δνi, which can be approximated by the values found for
the same chromophore dissolved in a completely non-polar solvent [78]. For this
purpose we have used cHex having F (ε0, nd) = 0 where a Stokes shift of 7520
cm−1 was found1. The diﬀerences with respect to AC and MeOH (≈660 cm−1,
1To make this important estimation more precise, the Stokes shift was measured between
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980 cm−1, respectively), which amount to <12% of the total Stokes shift for
these solvents, should reﬂect the intermolecular contributions (dielectric solva-
tion, hydrogen-bonding, inhomogeneous broadening, etc.). The PSBR/DCM
emission shows no sign of dielectric solvation since its Stokes shift, within the
error, matches the value found for PSBR/cHex. Solvent induced Stokes shift
is surprisingly small since assuming Δμ = 12 D [43], a = 4.3 A˚, and taking
εr = 35.94 and nd = 1.342 for acetonitrile in which the solvation is ﬁnished
in <0.63 ps [23], we calculate from Eq. 3.1 the value of Δνsolv ≈ 5500 cm−1.
It might well be possible that the dipole moment change is overestimated, or
that the average solvent reorganization timescale obtained by Horng et al. [23]
using coumarin 153 (or even the overall solvation process) is strongly solute
dependent. In conclusion, dielectric solvation plays only a minor role in the
overall relaxation of the PSBR chromophore since the solvent reorganization
energy (equal to 1
2
Δνsolv) is at most 500 cm
−1 even in the most polar solvents.
Now that now that the intramolecular Stokes shift νi has been deter-
mined, it is possible to estimate the position of the electronic origin of absorp-
tion i.e. 0 – 0∗ transition νA00 = ν
A − 1
2
Δνi, and the amount of excess energy
Δνexcess = νpump − νA00, the chromophore receives in each solvent. In polar
solvents, due to the dynamic Stokes shift caused by solvation, the electronic
origin of ﬂuorescence νF00 is time dependent and only at time zero overlaps with
νA00 (i.e. ν
00
F (t = 0) = ν
A
00). But already after 100 fs (see the following section)
νF00 reaches its minimum value of ν
F
00(t = ∞) = νA00 − Δνsolv. The values of
Δνsolv, ν
00
A , ν
00
F (t =∞) and Δνexcess in each solvent can be found in Table 3.1.
The larger widths of the ﬂuorescence spectra (ΓFl) in OctOH and cHex
(>60% larger compared to AC) cannot be explained by diﬀerent inhomoge-
neous broadening since the absorption FWHM does not change signiﬁcantly
from solvent to solvent. But a qualitative tendency can be noticed from Table
3.1: as the bulk heat conduction diﬀusivity κ of the solvent diminishes, the
PSBR ﬂuorescence bandwidth ΓFl increases. The extreme case is cHex with
a FWHM of 5800 cm−1. This gives us a hint that the width could be con-
nected with the PSBR’s intramolecular temperature. To verify if ΓFl is really
depending on the intramolecular temperature we choose an optical excitation
energy that will not “heat up” the molecule and then observe if the emission
width decreases.
Compared to AC, in MeOH the PSBR emission shows a broadening by
≈20% (Fig. 3.3), mostly coming from the blue wing that extends >600 cm−1
to the blue. The ﬂuorescence widths in DCM and MeOH are almost the
same. Indeed, exciting at 400 nm the chromophores gets a large excess en-
ergy (Δνexcess = 6400 − 7400 cm−1, Table 3.1) that should give transient
emission from higher vibronic levels (“hot” states). This broadening is due
to vibrationally hot emission. To check the latter, the PSBR/DCM system
was excited at the red absorption edge at λexc=570 nm (≈17,500 cm−1, ie.
the PSBR/cHex absorption and late time resolved spectra (t>3 ps) which has smaller con-
tribution of ”hot” vibronic bands than the steady state emission. For all other solvents the
peak of the steady state emission overlaps with vibrationally relaxed emission within 100
cm−1, see section 3.3.2
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Figure 3.4: Steady-state ﬂuorescence spectra of PSBR obtained in acetonitrile with 400
nm excitation, and in dichloromethane with 400 nm and 570 nm excitation. The bluemost
curve is the steady-state absorption of PSBR in dichloromethane. The ﬂuorescence spectra
are corrected for background signals and the instrumental spectral response.
near 0 – 0∗ transition) and thus only vibronically “cold” ﬂuorescence should
emerge. Comparing it with the “hot” PSBR/DCM ﬂuorescence (λexc=400
nm), it can indeed be seen (Fig. 3.4) that the “cold” ﬂuorescence is narrower,
the blue wing redshifts by 900 cm−1, whereas the red wing shows only a minor
blueshift of <200 cm−1. If we now compare the “cold” PSBR/DCM with the
“hot” PSBR/AC ﬂuorescence (λexc=400 nm) it can be seen that they match
very well, although the latter is slightly wider (≈5%) and show a weak blue
wing extending to >20000 cm−1. The blue wing is a leftover of “hot” ﬂuores-
cence. This demonstrates that even when excited at 400 nm, the PSBR/AC
system has a steady state ﬂuorescence originating mainly (≈ 90%) from the
vibronically relaxed region of S1 potential energy surface.
The ﬂuorescence in AC is narrower: a) either because this solvent is able
to “cool down” the chromophore much faster than MeOH and DCM, or b) the
excess energy stays in the chromophore but the internal conversion from the
excited to the ground state is highly solvent dependent.
To capture how fast and along which intra- or inter-molecular degrees
of freedom of the extended chromophore-solvent system the initially deposited
photon energy is ﬂowing and redistributing, time resolved measurements are
performed which will be the subject of the following section.
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3.3.2 Time resolved ﬂuorescence spectra
Fig. 3.5 displays a three-dimensional surface plot and Fig. 3.6 two-dimensional
contour plot of all-trans PSBR emission in MeOH obtained upon 400 nm ex-
citation. Exciting with 425 nm does not seem to inﬂuence the overall spec-
trotemporal behavior of the ﬂuorescence. The plots consists of two scans, the
ﬁrst covers the λ=485 – 650 nm region using 850 nm gate, while the second
scan employs a 1140 nm gate to cover the λ=650 – 830 nm region. Out of
this 485 – 830 nm wavelength range the PSBR ﬂuorescence is weak, but it can
nevertheless be accessed by moving the central wavelength of the spectrometer
more to the blue or to the red, and then acquiring two additional scans.
Figure 3.5: Three-dimensional surface plot of the time-resolved ﬂuorescence of all-trans
PSBR in MeOH excited at 400 nm. The plot consists of two scans obtained with 800 nm
and 1140 nm gate wavelengths. Each scan was previously corrected for background signals
and the instrumental spectral response.
For the sake of illustration, all four scans were used to construct the
time resolved spectra in the case of PSBR in MeOH (Fig. 3.7 C and D)
where the bluest detectable wavelength was 440 nm (i.e. immediately after
the cut-oﬀ edge of the GG420 ﬁlter), up to near-infrared (NIR) wavelength
of 910 nm. For the PSBR in other solvents only two scans were used since
it showed the same spectrotemporal behavior as the PSBR/MeOH outside
the main 485 – 830 nm detection zone. In the initial phase, i.e., from t =
-50 fs until t = 200 fs, the spectra are extremely broad, extending from 440
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Figure 3.6: Two-dimensional contour plot of the time-resolved ﬂuorescence of all-trans
PSBR in MeOH excited at 400 nm. The ﬁrst 0.3 ps are enlarged to emphasize the rise
region. Note the Raman peak of the solvent appearing at 490 nm.
to 900 nm (FWHM=6700 cm−1). Scattering of the excitation beam (420 –
425 nm, Fig. 3.7 C ) and the peak of sample selfabsorption do not allow
observation of the emission bluer than 440 nm, although most probably the t
= 0 fs ﬂuorescence extends up to the excitation wavelength (400 or 425 nm).
Already for time zero the spectra are considerably red-shifted with respect to
the corresponding absorption maximum which is partially due to the sample
selfabsorption, but even if an approximate correction is applied to remove this
experimental annoyance, the spectral maximum will never appear bluer than
500 nm. The high-energy part decays quite dramatically with time, by t = 100
fs a reduction of the spectral width of ≈1000 cm−1 is observed for MeOH and
DCM, and an even faster narrowing of ≈1700 cm−1 happens in the case of AC
(Fig. 3.7 A, C and E ). The fact that already at negative times, the spectrum
spans nearly the whole energy range of the steady-state Stokes shift suggests
an extremely fast initial relaxation process taking place on a timescale much
shorter than our time resolution of ≈100 fs.
In a second slower stage (Fig. 3.7 B, D and F ), spectral narrowing occurs
but is faster in AC than in MeOH and DCM (FWHM = 3000 cm−1, 3450 cm−1,
3650 cm−1 at 5 ps, respectively), whereas the spectra remain fairly broad for
PSBR/cHex (FWHM = 5100 cm−1 at 5 ps, not shown) and other less polar
solvents. A spectrum of the “cold” PSBR/DCM steady-state ﬂuorescence from
Fig. 3.4 (excitation 570 nm) was added in the lower graphs of Fig. 3.7. This
shows that in every solvent the “late” time resolved spectra (t > 2 ps) narrows
down, more or less acquiring the shape of “cold” PSBR/DCM ﬂuorescence.
In AC already at 2 ps they match remarkably well, whereas for MeOH and
DCM even at 13 ps the spectra are slightly wider than the “cold” PSBR/DCM
42
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emission. Nevertheless as a reasonable ﬁrst order approximation, the PSBR’s
“late” emission (t > 5 ps) can be regarded as almost vibronically relaxed in
all solvents.
In MeOH and DCM, PSBR emission shows very similar spectrotemporal
behavior although in the latter the chromophore receives ≈1000 cm−1 more
energy (Fig. 3.3, Table 3.1) whereas in AC where the amount of excess energy is
between these two values, the spectral evolution changes drastically. Likewise,
the spectrotemporal behavior is preserved when in some scans the samples
were excited with 425 nm instead of 400 nm, i.e. with ≈1300 cm−1 less energy.
From analysis of the steady state spectra (Sec. 3.3.1), PSBR ﬂuorescence
in MeOH has the largest solvation contribution to the Stokes shift (≈1000
cm−1), that should be seen in the time resolved spectra as a simultaneous shift
of blue and red wings of the emission bands. The other extreme is PSBR/DCM,
where only intramolecular processes are responsible for the dynamic Stokes
shift that is caused by the fast initial spectral narrowing. Still, the time re-
solved spectra (Fig. 3.7) are remarkably similar after 100 fs. Moreover, no
dynamic red-shift is visible after 2 ps in AC and after 3 ps in MeOH and
DCM; an eventual slight displacement of maximum is due to the narrowing
(mostly of the blue wing) and not due to an overall shift of the spectrum.
From these observations it can be concluded that solvation dynamics occurs
before the emission reaches the maximum intensities, in the limit of our time
resolution of 100 fs.
3.3.3 Kinetic traces
The ﬂuorescence decay is almost complete within 15 ps, in agreement with an
excited state lifetime of 4 – 6 ps [58, 60, 59]. Fig. 3.8 A shows four kinetic
traces for PSBR/MeOH at characteristic wavelengths covering the region of
the emission spectrum (Fig. 3.6).
Starting at the blue edge the ﬂuorescence rises instantaneously, i.e. fol-
lows the solvent Raman peak. As we sweep to the red (Fig. 3.8 B) a ﬁnite rise
time component can be observed, gradually increasing to the value of τrise =
40 ± 20 fs at 590 nm. A gradual increase of the rise time speaks for the case
of a sequential relaxation mechanism on the same electronic surface, e.g. like
the motion of a wavepacket towards the bottom of the S1 electronic surface.
At the high-energy side (485 – 550 nm), after an instantaneous rise, ≈80%
of the ﬂuorescence decays biexponentially on a sub-50 fs timescale (τ1(530
nm)< 30 fs), as indicated by the slight asymmetry of the 485 nm trace on Fig.
3.8 B, and with a time constant of τ2(530 nm) = 150 ± 20 fs, as suggested by
the spectral kinetics described above and reported earlier [59].
At the red most side (670 – 750 nm), the time-zero spectra of Fig. 3.7
(A, C and E, black line), show that part of the signal rises within the exper-
imental time resolution, followed by an additional slower rising component.
For the total signal build-up in MeOH (Fig. 3.8 A, black line), in addition
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Figure 3.8: A. Fluorescence decay curves of all-trans PSBR in MeOH at 530 nm (double
line), 590 nm (dotted line), 625 nm (grey line) and 700 nm (solid line) upon 400 nm exci-
tation. The ﬁrst 0.5 ps are enlarged. Inset: Region of maximum intensity between 0 and
0.3 ps (shaded area) with additional traces at 610 nm (dark grey line) and 640 nm (solid
line); B. Region between -0.25 and 0.25 ps is enlarged to emphasize the rise, with additional
traces at 485 nm (double line) and 550 nm (light grey line); C. Normalized 690, 710, 730
and 750 nm time traces for the same sample and excitation as in A.
to instantaneous rise component that contributes with 45% in the total rise,
we ﬁt a wavelength independent rise time τrise(700nm) = 110 ± 30 fs, which,
to our knowledge, was not reported previously [59]. This value correlates well
with the τ2(530 nm) = 150 ± 20 fs decay observed at shorter wavelengths.
However, for intermediate wavelengths (590 – 640 nm), we observe an
abrupt change in the behavior of the rise time (Fig 3.8 A inset). From 640 nm
on, the above 110 fs rise component appears and is observed up to 750 nm. This
behavior is best seen from the tilt of the contour lines for λ > 590 nm in Fig.
3.6. Such fast decrease of the rise time over <50 nm suggests the existence of
two distinct overlapping bands: a low-energy slowly rising/decaying one with
largest intensity (main band, λ > 590 nm), and a weaker, high-energy fast-
rising/decaying one (blue band, λ < 640 nm). At intermediate wavelengths,
the signal is a linear combination of both bands. The shape of the trace at
625 nm corroborates this ﬁnding: an almost constant signal level is observed
between 70 and 230 fs (3.8 A inset, light grey trace). This plateau is due to the
main and the blue band contributing with nearly similar amplitudes. Going
from 625 nm to longer wavelengths, the blue band gradually loses intensity,
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making it possible to observe the slow rise of the main band. On the other
hand, going to shorter wavelengths (λ < 625 nm) the blue band dominates,
masking the rise of the main band (Fig. 3.8 A inset, dashed trace).
Finally, for the NIR wavelengths (λ = 750 – 930 nm), the traces do not
keep the slow rise behavior detected around 700 nm. Fig. 3.9 shows a gradual
pop up of an another weak band, the NIR band, most easily spotted for t =
50 – 200 fs (light grey traces). Only because it rises faster than the 110 fs rise
time of the main band is possible to see its appearance. As in the previous
paragraph, the existence of plateau around 800 nm conﬁrms the presence of two
overlapping bands, decay of the main band is compensated by rise of the NIR
band. The NIR band begins at 760 nm, peaks around 820 nm and disappears
at 940 nm.
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Figure 3.9: Fluorescence decay curves of all-trans PSBR in MeOH for the NIR wavelengths
λ = 740 – 930 nm, upon 400 nm excitation. The dotted trace is the 740 nm trace normalized
to the t>2 ps intensity of each 760 – 930 nm trace. The dashed lines is drawn to guide the
eye, and it follows the peak intensity of the 800 – 910 nm traces.
When the rise is ﬁnally completed, the later part of the kinetic traces
reveals a bi- or even tri-exponential decay of the main band in every measured
solvent. With the exception of AC, the ﬁrst decay constant is present in all
other solvents and takes values between 0.6 to 1.3 ps, the second between 3.4
to 4.4 ps, and for some solvents a decay component of >8 ps is also present. In
summary, just from qualitative observation of kinetic traces at characteristic
wavelength of emission, three overlapping bands were detected: a) the blue
band on the high-energy side, b) the main band that has largest intensity, and
c) the NIR band, a very weak band found for λ >760 nm.
In order to analyze such a large amount of spectra and kinetic traces, a
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more elaborate spectral decomposition scheme is necessary. Section 3.4 shows
a way to reduce the 3D matrix of time resolved ﬂuorescence to just a few Decay
Associated Spectra (DAS) and their kinetic traces.
3.3.4 Excitation-wavelength dependence relaxation
Before proceeding to the spectral decomposition analysis, an interesting feature
found for AC in Sec. 3.3.1 motivated us to perform a series of experiments
where the chromophore was excited with no excess energy. In that solvent the
steady-state emission was over 90% “cold” even when the PSBR chromophore
was excited with >6000 cm−1 of excess energy. Moreover, it is observed that
the average decay of emission is signiﬁcantly slower for PSBR in AC than in
all other solvents (<τ> in Table 3.1). Maybe the longer decay constant is a
characteristic marker of the “cold”, vibrationally relaxed emission?
To check the latter hypothesis the PSBR chromophore dissolved in DCM
was excited at 570 nm. The excitation is purely electronic and thus only
0∗ → n transitions appear in the ﬂuorescence spectrum. Given the fact that
the IR OPA used for this part of measurements had maximum output power
at 1140 nm, DCM was chosen for solvent since the PSBR/DCM absorption
is more redshifted than that of PSBR/MeOH (Fig. 3.3), providing in general
3.5 times larger optical density at 570 nm for comparable sample concentra-
tion. This was crucial to obtain a satisfactory signal-to-noise ratio in the
up-conversion experiment. Still, for 400 nm excitation the overall shape of
the PSBR/DCM ﬂuorescence spectra and their corresponding time evolution
is similar to PSBR/MeOH (Fig. 3.7 C, E, D and F ).
Indeed, since 570 nm excitation induces only relaxed emission, the time
resolved spectra do not show any evolution already from time zero (Fig. 3.10
A), i.e. only the main band is present. What was observed before in the
steady state measurements (Fig. 3.4) is again retrieved in the time resolved
spectra – the late PSBR/DCM emission (t>5 ps) obtained previously with 400
nm excitation is 30% wider than the emission coming from the chromophore
excited at 570 nm (Fig. 3.7 F and 3.10 A).
But the most interesting feature are the changes of the main band’s emis-
sion kinetic behavior (i.e. the traces around 700 nm, Fig. 3.10 B). When ex-
cited at 400 nm a three-exponential decay of the main band emission is found
(light grey line, Fig. 3.10 B). It becomes bi-exponential and dramatically slows
down when 570 nm is used as excitation, with the shortest (0.6 ps) compo-
nent disappearing. A global ﬁtting procedure was used since it was supposed
that the same population decay kinetic is present in each time trace, but their
weights change with the excitation energy. In addition, the intermediate 4.2
ps kinetic weakens and the slowest kinetic of 11 ps becomes >1.6 times more
intense relative to the former, acquiring similar decay curve and spectral shape
as the PSBR/AC late emission obtained upon 400 nm excitation (Fig. 3.11 A
and B). The 0.6 ps quenching channel seems to be higher in energy from the
bottom of S1 surface, since it is not accessible with 570 nm excitation.
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An examination of the relative weights of the decay components (Fig.
3.12) in the various solvents, for the diﬀerent excitation wavelengths, reveals
that when PSBR is dissolved in AC the 0.6 – 0.9 ps quenching channel is
missing even when the chromophore is excited with a large excess of energy.
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3.4 Spectral decomposition analysis
To analyze the spectrotemporal matrix of a set of time resolved measurement,
Singular Value Decomposition (SVD) analysis is often used to disentangle it
to several overlapping bands that diﬀer by their time decay behavior – Decay
Associated Spectra (DAS). In the case of PSBR time resolved ﬂuorescence,
SVD analysis did not give reasonable results since for some wavelengths there
is simultaneous contribution of two rise and more than four decay constants
(e.g. 590 – 640 nm region, see previous section). There are far too many
parameters for a reliable non-linear ﬁtting procedure. Thus we have adopted
a very simple and mathematically cleaner technique to decompose the time
resolved ﬂuorescence into distinct DAS2.
Ideally, one needs to ﬁnd a band at late time which has signiﬁcantly
(> 3 times) longer lifetime than any other band at early times present in the
2D matrix: let us name it the long lived band. A clear signature for this is
the case when after some suﬃciently long time delay normalized time resolved
spectra (i.e. the “late” spectra) do not change anymore. We suppose spectral
shape of the long lived band’s to be constant in time, even for early time delays
when other short lived bands might be present. By averaging several of these
normalized “late” spectra, we obtain the DAS of the long lived band. This
approach is not intrinsically suitable for bands that evolve spectrally (actually,
the same holds also for the SVD analysis). As we will see, the ﬁrst two PSBR
bands that we subtract do not change their shape drastically. The aim here is
to obtain a sort of “ﬁrst order” time behavior of a band. Also, the fact that
the redshift due to solvation is small (at most 1000 cm−1 in MeOH) and rapid
(< 100 fs) makes the decomposition analysis more reliable, especially for delay
times longer than 100 fs.
The next step is to look in the spectrum of the long lived band if there
exists an extended wavelength range (let’s say Δλ > 20 nm) where there is
no contribution of any short lived band and where normalized time traces can
be overlapped3 These traces then exclusively describe the time evolution of
the long lived band. Thus, the long lived band’s time behavior has just been
determined.
Once we have determined the complete spectrotemporal behavior (its
DAS and its time trace) of the long lived band we subtract it from the initial
2D matrix. The subtraction is successful if no negative contributions appear.
The recovered 2D matrix is now simpler because a component has been re-
moved (the long lived band). The procedure is then repeated, of course if it is
possible to ﬁnd another band for which spectral shape and time behavior can
be deduced. Thus, in each step a pure spectral component and its time trace
2In contrast with SVD analysis where each DAS is connected with a monoexponential
decay, the DAS that are obtained from our spectral decomposition analysis can have multi-
exponential time evolution
3The condition can be relaxed. The contribution of the short lived bands can be present
if by using global ﬁtting at characteristic wavelengths we can distinguish the time behavior
of the long lived and the short lived bands. In the case of PSBR this is not necessary.
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are obtained.
3.4.1 Example: PSBR in methanol
This “step-by-step” subtraction approach is not applicable in a general case
of 2D wavelength-time matrix, but it works well for the here reported PSBR
time resolved ﬂuorescence. In the following, we describe how each DAS has
been obtained in the case of PSBR/MeOH. The same procedure was applied
for all the studied solvents.
The main band
As concluded in section 3.3.2, that the emission spectral shape barely changes
after 5 ps, in all solvents (Fig. 3.7 B, D and F ). This is the main band
that dominates the overall PSBR ﬂuorescence and the ﬁrst component we
can isolate and subtract. We choose the spectrum at 5 ps as its representative
spectrum, i.e. its DAS. Its time behavior is also possible to determine since the
normalized time traces perfectly overlap in a large wavelength region around
band’s maximum (690 – 750 nm, Fig. 3.8 C ), demonstrating that there is no
other decay process present in this region. About 45% of the ﬂuorescence rises
in <30 fs (unresolved) and the rest rises in 110 fs. It decays bi-exponentialy
with in 0.9 and 4 ps, but adding a very weak decay component of 13 ps greately
improves the χ2 value. Having its DAS and time trace, the main band can be
subtracted. Fig. 3.13 A shows the time resolved spectra obtained from the
recovered matrix where it can be seen that no negative features are present.
The next step is to search for another spectrally and temporally deter-
minable band in the residual matrix.
The double-band
From 1.9 ps on, a group of two separate almost gaussian bands appears (see
normalized spectra in Fig. 3.13 B) in the time resolved spectra obtained
from the subtracted matrix. These bands keep the same relative intensity and
FWHM for t  1.9 ps until they vanish completely. The ﬁrst one is centered
around 610 nm (16400 cm−1, FWHM=2000 cm−1), while the second peaks
around 830 nm (12000 cm−1, FWHM=1900 cm−1). Moreover, the low-energy
band, when normalized keeps the same shape for every time delay, starting
already from t = 0 ps (Fig. 3.13 A and B), rises within experimental time
resolution and decays mono-exponentially in 2 ± 0.1 ps (Table 3.1, Fig. 3.14).
Weak oscillations with a period of 280 fs appear in the traces between 100 and
600 fs (Fig. 3.14 inset, for more details see the next chapter).
The high energy band (>15000 cm−1) decays biexponentially, with a
shorter wavelength-dependent decay constant (eg. τ1(590nm) = 0.44 ps), and
with a 2 ps component as for the low-energy band. This suggests that these
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Figure 3.13: A. Fluorescence spectra of the all-trans PSBR in MeOH at diﬀerent times (0
– 1.9 ps) obtained upon 400 nm excitation (solid line), and after subtraction of the main
band (dashed line) – 1st decomposition step. B. The same as in A. but the spectra are
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Figure 3.14: Fluorescence decay curves of all-trans PSBR in MeOH for the wavelengths
λ = 800 – 860 nm where the NIR band has signiﬁcant intensity, obtained upon 400 nm
excitation, and after subtraction of the main band – 1st decomposition step. Inset: Region
of maximum intensity between 0 and 1.2 ps (shaded area) with the 820 nm trace (solid line,
averaging pm20 nm) showing intensity oscillations with 280 fs period, and with the 490 nm
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two bands form a DAS, which appears as a progression (spectra for t  1.9
ps) having a time decay of ≈2 ps – hereafter we name it the double-band.
However, the 0.44 ps component of the high energy band suggest that it is
overlapping with an additional band, that will be determined in the last step
of the decomposition procedure.
Finally, note that the NIR band that we have observed in Sec. 3.3.3 is
the low-energy part of the double-band.
The blue band
In the last step of the spectral decomposition procedure, the double-band is
subtracted from the 2D wavelength-time matrix obtained in the previous step.
What remains is a high-energy band showing rapid red-shifting and narrowing
as a function of time. As noticed for raw spectra, the t = 0 fs spectrum is
already signiﬁcantly red-shifted with respect to absorption (dotted line, Fig.
3.15 A and B), it peaks at ≈18000 cm−1 (560 nm) with a FWHM=3400 cm−1.
Even if we estimate the self-absorption and make the correction, the bluest
wavelength of the band maximum reaches is 500 nm. This is still quite a
large Stokes shift compared to the pump wavelength of 400 nm, suggesting an
ultrafast sub-50 fs energy relaxation process. The evolution ends by t ≈ 0.7
ps, when the band maximum is at 16700 cm−1 (600 nm) and its FWHM is
2200 cm−1 (Fig. 3.15 A and B).
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– 1.2 ps) obtained upon 400 nm excitation (solid line), and after subtraction of the main
band (dashed line) and of the double-band – 2nd decomposition step. B. The same as in A.
but the spectra are normalized.
The band completely vanishes in less than 2 ps (Fig. 3.16) but it does not
show the same time behavior for every wavelength like the two previously found
bands (the main band and the double band). As we have already seen in section
3.3.3, these traces show a sequential relaxation mechanism since a slower 50 –
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160 fs rise component gains in amplitude on behalf of the instantaneous (<30
fs) rise in going from high-energy to the low-energy side of the band (see Fig.
3.16 for the rise and decay time constants). From 500 to 550 nm an ultrafast
decay dominates that remains unresolved τ1 < 30 fs, but a less intense τ2 =
150 fs component is also present. The latter appears in the rise of emission
more to the red (λ > 580 nm) but also in the rise of the main band found in
the ﬁrst decomposition step. Starting from 580 nm up to the red edge, after
the rise ceases, the decay is mono-exponential with τ2(600 nm) = 440 ± 50 fs.
Finally, the observed dynamic red-shift of the maximum is to a great
extent only due to the fast narrowing process, a process most probably of
intermolecular origin. But, as we will see in the next chapter where polar and
non-polar solvents are compared using the spectral moments M1 and M2, the
observed ultrafast intramolecular relaxation occurs at the same time as the
dielectric response of the solvent (i.e. solvation), which decreases the S0 - S1
energy gap, causing additional redshift of the band maximum by 1000 cm−1.
Putting all bands together
To summarize the results of the spectral decomposition procedure, Fig. 3.17
shows the three DAS, that were isolated in the decomposition, and for the time
delay when they reach maximum intensity : A. the main band, with largest
intensity, B. the double-band, and C. the blue band, while Fig. 3.18 shows the
corresponding time traces and decay constants obtained from the non-linear
ﬁt. Their appearance can be ordered chronologically:
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1. At time zero, the double-band, the high energy wing (480 – 550 nm) of
the blue band appear during the optical excitation. The latter shows a
large Stokes shift of at least 2500 cm−1 at t = 0 fs, suggesting a sub-30
fs energy relaxation process. About 50% of the rise of the main band is
also unresolved.
2. The high-energy wing of the blue band decays predominantly in <30 fs
and with a weak 150 fs component; these constants appear both in the
rise of the red wing of the same band and in the rise of the main band.
3. At t=200 fs, the main band reaches its maximum intensity. From t = 100
- 600 fs, the double-band and the blue band exhibit a modulation with a
period of 280 fs (Fig. 3.18, inset).
4. The double-band and the blue band decay monoexponentially, the former
in about 2 ps, the latter in 0.5 ps. The main band decays triexponentially,
with two strong components of 0.9 and 4 ps and a very weak one of 13
ps. On the picosecond time scale the main band continues to narrow
down slightly.
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Figure 3.17: The Decay Associated Spectra resulted from the spectral decomposition
analysis of the time-resolved ﬂuorescence of all-trans PSBR in MeOH excited at 400 nm:
a) the main band, b) the double-band, c) the blue band. The spectra are plotted for a delay
time corresponding to their maximum intensity.
The PSBR/MeOH ﬂuorescence is quenched on three distinct time scales,
or along three quenching channels: 0.5 - 0.9 ps (the blue band, the main band),
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2 ps (the double-band) and >4 ps (the main band). In order to assign each
timescale either to non-reactive or reactive paths on the excited state potential
surface, we need to measure the PSBR ﬂuorescence dissolved in solvents that
induce diﬀerent photoisomerization yields than MeOH, hoping the ﬂuorescence
DAS and time traces will be also inﬂuenced.
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3.4.2 Decay Associated Spectra solvent dependence
In the previous section the spectral decomposition analysis was presented tak-
ing PSBR emission in MeOH as an example (Φiso = 0.17 ± 0.03). Here we
present the results of the analysis for PSBR dissolved in two other solvents
where photoisomerization yields are comparable or larger by > 50%: DCM
with Φiso = 0.17± 0.02, and AC with Φiso = 0.27± 0.04. Again three DAS re-
sulted with very similar shape to the DAS that were obtained for PSBR/MeOH
emission (Fig. 3.4.2). As was already observed in steady-state measurements
(Sec. 3.3.1), the main diﬀerence is the > 15% broader main band ﬂuorescence
of PSBR in DCM and MeOH compared to AC. Fig. 3.4.2 shows the DAS at
their maximum intensity. This is important since the DAS maximum intensity
is proportional to the initial population that will consequently proceed along
one of the quenching channels. A channel less probable to be taken will thus
have a fainter band.
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Figure 3.19: Time traces describing the time behavior of the main band belonging to the
time-resolved ﬂuorescence of all-trans PSBR in AC, DCM, MeOH, EtOH, OctOH and cHex,
excited at 400 nm.
A feature that distinguishes the PSBR ﬂuorescence in AC is that the
blue band is 50% weaker compared to MeOH and DCM. In order to obtain
increased isomerization eﬃciency in AC, we suggest that this band is attributed
to the non-reactive channel, i.e. the non-isomerizing path characterized by
quenching constant from 0.32 ps (AC) to 0.47 ps (MeOH) (see Table 3.1 for
other solvents).
In the time traces, AC is the only solvent in which the main band lacks the
0.6 - 1.3 ps decay component, keeping only the longer ones (>3.4 ps) that are
also present in MeOH, DCM, and all other solvents studied here. This results
in the longest average ﬂuorescence lifetime of the most intense band, the main
band, among all solvents studied here, as can be seen from Fig. 3.19 and Table
3.1. The quenching time scales of the blue band (τblue =0.32 – 0.47 ps) and
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the fast decay component of the main band (τ1 = 0.6 – 0.9 ps) are similar.
The latter observation, together with the absence of τ1 in highly isomerizing
AC, leads us to the conclusion that both of these quenching timescales can be
attributed to the non-reactive channel.
The intensity of the double-band does not show any clear correlation with
the photoisomerization yield so it is diﬃcult to attribute it either to a reactive
or a non-reactive channel diﬃcult. It is a process parallel to the evolution
along other degrees of freedom of the choromophore. This is so, because the
decay time does not show up as a rise of any other band. We will show in the
next section that it originates from vibrationally hot emission.
Finally, we come to the quenching time scales of 3.4 – 4.2 ps and 8.4
– 13 ps of the main band, which we both assign to isomerization. Here, the
ﬂuorescence is quenched as the chromophore starts its torsion along one of
the isomerizing double bonds towards the conical intersection [79]. The iso-
merization decay times found by other authors [59, 58, 60] corroborate our
assignment.
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3.5 Discussion
The largest part of the discussion deals with the case when the PSBR chro-
mophore is excited with 400 nm excitation. The diﬀerent behavior induced by
570 nm excitation will be specially stressed out.
3.5.1 Origin of the ﬂuorescence bands
Main band
Before discussing the diﬀerent relaxation times, we need to clarify the origin of
the three ﬂuorescence bands found in the spectral decomposition analysis. The
DAS of the main band is representing the emission for t>5 ps, which, as was
found in Section 3.3.2, is (almost4) vibrationally relaxed – “cold”. Thus, the
main band is assigned to the emission originating from the bottom of S1 poten-
tial energy surface, i.e. from the 0∗ → ν transitions (ν = 0, 1, 2, . . . ). The latter
and the absorption in the Franck-Condon region should obey mirror symmetry
around 0-0∗ transition [80],[81] if the linear Franck-Condon approximation is
valid for the PSBR/MeOH.
To do such a comparison properly, the Franck-Condon (FC) probabili-
ties of absorption and spontaneous emission (lineshapes) should be calculated.
This means multiplying the ﬂuorescence spectrum Fl(ν) by ν−3, and the spec-
trum of the absorbed photons Ab(ν) by ν−1. The ν−3 correction increases the
weight of the low-energy parts of the emission. In Fig. 3.21 the PSBR/MeOH
“hot” (steady state ﬂuorescence with λexc=400 nm) and “cold” emission line-
shapes (i.e. the main band DAS) are compared to the lineshape of absorbed
photons. Note also the dotted grey line which corresponds to hypothetical
vibrationally relaxed emission prior to any dielectric relaxation of the solvent;
in ref. [78] they name it the time-zero emission spectra. The mirror symme-
try is partially satisﬁed since the absorption lineshape is 30% wider than the
“cold” emission lineshape. In fact, a much better match is found for the “hot”
emission which overlaps exceptionally well from red edge up to 23000 cm−1
where S0–S2 transition starts to contribute. The diﬀerences in the potential
energy surfaces around the minima of ground and excited state, i.e. around
FC regions responsible for absorption and emission could be responsible for
observed deviations from mirror symmetry.
Double-band
The intensity distribution of the DAS of the double-band suggests a vibra-
tionally hot ﬂuorescence progressions to vibronic levels (ν = 0,1,2,3...) of the
ground state. Assuming displaced harmonic potential energy surfaces for the
S0 and S1 states, the relative Franck-Condon (FC) probability of ﬂuorescence
4The cooling process is fully completed only in AC
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Figure 3.21: The “mirror image” comparison of the absorption and ﬂuorescence band of all-
trans PSBR in MeOH excited at 400 nm: Franck-Condon probability of absorption (double
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intra-molecular Δνi contribution to the Stokes shift is given. The frequency of the 0 – 0∗
transition for absorption νA00, and for ﬂuorescence ν
F
00(t > 0.1ps) after the completion of
solvation, is marked with grey bars in the bottom panel. The following expression holds
Δνsolv = νA00 − νF00(t > 0.1ps). The bars in the lower panel mark the frequencies of 0 – 1∗,
0 – 2∗, 0 – 3∗ and 0 – 4∗ (black bar) transitions of the C=C stretch 1562 cm−1 mode. Note
how the frequency of 0 – 4∗ transition is close to the excitation frequency (25000 cm−1 for
400 nm).
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|R(m,n)|2 from ν∗ = m to ν = n is given by [82]:
I(m,n) ∝ {2−(m+n)m!n!}exp
(
−D
2
2
)⎧⎨
⎩
min(m,n)∑
r=0
2rDm+n−2r(−1)n−r
r!(m− r)!(n− r)!
⎫⎬
⎭
2
(3.4)
In Eq. 3.4 νmn is a vibronic transition energy between ν
∗ = m and ν = n,
and D is a non-dimensional potential displacement between S0 and S1.
For example, the progression
0→ ν∗ ν∗ = 0, 1, 2, . . . (3.5)
which usually has the largest weight in absorption spectra, has an intensity
maximum but never (in the FC approximation used here) a minimum. However
the progressions
ν∗ → ν ν∗ > 0, ν = 0, 1, 2, . . . (3.6)
may possess several intensity maxima if ν∗ is large enough [82].
PSBR is a large polyatomic molecule, and thus is a quantum system
with many degrees of freedom (>30 FC active normal modes [83]). The C=C
in-phase stretch mode at 1562 cm−1 is the most prominent mode observed in
the resonance Raman spectrum [83], it is therefore strongly coupled to the
optical excitation. Although several other modes are simultaneously excited,
we tentatively use a single mode approximation to simulate the two bands as a
vibrational progression stemming from a high vibronic state of the 1562 cm−1
mode.
Using Eq. 3.4 and adjusting the displacement to D = 2.69 a stick spec-
trum was obtained, which was then broadened with a gaussian lineshape of
FWHM 800 cm−1. The 0 – 0∗ transition frequency was ﬁxed to ν00F (t =∞) =
17605 cm−1 determined previously in Sec. 3.3.1. Fig. 3.22 shows a qualita-
tive agreement between the DAS (two displaced gaussians) and the 1562 cm−1
C=C stretch vibrational progression 4∗ → ν. The reason why the 4∗ → ν
progression is so prominent might stem from the fact that ν∗ = 4 vibronic
level is directly optically excited by the pump pulse (see Fig. 3.21, the posi-
tion of the 400 nm excitation is in proximity of the 0–4∗ transition frequency).
The instantaneous appearance of the C=C stretch progression corroborates
the direct excitation origin. The 50 fs pump pulse spectrum (≈ 670 cm−1) is
spectrally too narrow to excite a wavepacket of the C=C stretch, thus only a
stationary (“pure”) state is created.
Blue band
Since the blue band exhibits a gradual evolution and shows only one maxi-
mum, it cannot be described in terms of a vibrationally hot emission from a
stationary state as in the case of of the C=C stretch progression. Rather, the
fast disappearance and the sequential relaxation mechanism suggests emission
due to a wavepacket sliding down the electronic excited state surface. A very
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Figure 3.22: The double-band converted to the Franck-Condon probabilities (grey line),
together with a stick spectrum (black bars) corresponding to the 4∗ → ν (ν= 3. . . 8) pro-
gression of the C=C stretch 1562 cm−1 mode (see the text for details of calculations). The
solid line show the spectrum obtained from broadening the stick spectrum with a gaussian
of FWHM 800 cm−1. The frequency of the 0 – 0∗ transition for ﬂuorescence νF00 after
the completion of solvation is also marked, and by deﬁnition is equal to 4∗ – 4 transition
frequency).
simpliﬁed model of the electronic ground and excited state surfaces along one
nuclear coordinate is shown on Fig. 3.23 A, where the surfaces are illustrated
by two displaced parabolas. The horizontal lines represent diﬀerent vibronic
levels. In less than 30 fs after excitation (not resolved) the wavepacket has
left the FC region (point A, Fig. 3.23) and the emission is bluest (max. at
550 nm) and broadest since a large number of low-frequency vibrational modes
are simultaneously populated. As the wavepacket proceeds down the poten-
tial (white arrow, Fig. 3.23) the emission gets redder (640 nm) and narrower.
Obviously, the red emission (point B, Fig. 3.23) will show a longer rise time
than the blue one since the wavepacket needs some time to move down the
potential.
A wavepacket can be created only by a superposition of several vibronic
states of a mode. If the vibronic states are directly populated by the pump
pulse ﬁeld, the process is said to be “ﬁeld-driven” (as in Rosca et. al [84]) and
the mode must have the frequency smaller than the excitation pulse FWHM.
A Fourier limited gaussian pulse of 50 fs has FWHM of ≈ 290 cm−1. In-
deed, below this value, several low-frequency modes are found in the resonance
Raman spectra [83] mostly consisting of various torsions: C-C torsions from
≈ 250−150 cm−1, and for even lower frequencies many C-C and C=C torsions
that induce small-amplitude skeletal twisting of the polyene [83]. Actually,
one of these modes at 119 cm−1 (T = 280 fs), can be directly observed from
the oscillatory behavior of the traces from 550 to 650 nm (Fig. 3.16), a feature
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Figure 3.23: Schematic representation of the wavepacket evolution on the excited state PES
S1, along nuclear coordinates of various low-frequency modes (assigned to various torsions).
Coupling of the high-freq. modes from the FC region with the low-freq. modes (wavy line),
in <30 fs creates a wavepacket at position A where the emission peaks at 550 nm. From
A, the wavepacket can follow the white arrow, reaching in 150 fs the position B where the
emission peaking at 640 nm originates.
that will be discussed in detail in the next chapter.
However, the observation that already for t = 0 fs the band maximum
appears at a wavelength not bluer than 500 nm does not support the “ﬁeld-
driven” population of the low-frequency modes. In the latter case, the emission
of the wavepacket should be observed already near the pump pulse wavelength,
i.e. around 450 nm. Rather, we suggest that several low-frequency modes are
impulsively excited by the strong coupling to the uncoherently excited high-
frequency modes, like C=C stretch, that mostly occupy the FC region. Unlike
the low-frequency modes, the high-frequency modes are able to relax in <30
fs which causes the observed ultrafast redshift of the blue band.
In summary, taking into consideration the above assignments, and results
and spectral decomposition (Sec. 3.3 and 3.4) we ﬁnd that:
• the steady-state absorption-emission Stokes shifts of the PSBR are very
large (>7400 cm−1) and are comparable, despite large diﬀerences in the
solvent properties. The large Stokes shift is in agreement with large
displacement (D=2.69) found for the C=C stretch mode. This suggests
that the Stokes shifts are dominated by intramolecular relaxation, even
in the most polar solvents, such as MeOH and AC. The intermolecular
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contribution to the Stokes shift is at most 1000 cm−1 and is over in <100
fs.
• the PSBR ﬂuorescence in every solvent upon 400 nm excitation is com-
posed of: A. the main band, the most intense, vibrationally relaxed
emission, showing a 150 fs rise component, B. the double-band, instan-
taneously rising emission, presumably from the ν∗ = 4 vibronic level of
in-phase C=C stretch mode and C., the blue band, high-energy emission
originating from the wavepacket of low-frequency modes (<290 cm−1)
mostly assigned to various torsions.
• the emission spectra observed at shortest delay time (within the excita-
tion pulse width) when C. dominates, are considerably Stokes shifted,
suggesting a sub-30 fs energy relaxation process. In addition, the initial
intensity (t<50 fs) of C. is solvent-dependent.
• the quenching timescales found for A. and C. deﬁne whether the path
on the S1 potential energy surface is non-reactive (τ=0.35 – 1.3 ps) or
reactive one (τ >3.4 ps).
• one can inﬂuence the partition between relaxation pathways. The re-
active path gets preferred by exciting the chromophore with no excess
energy, at 570 nm. Upon 400 nm excitation (large excess energy) the
reactive path can be made favorable by choosing AC as solvent.
• all reported timescales show no clear dependence with either the solvent
dielectric constant, polarizability or viscosity. The only qualitative cor-
relation was found between the FWHM of the steady state ﬂuorescence
and the bulk thermal conduction diﬀusivity of the solvent.
Before we start discussing the time evolution of the ﬂuorescence bands,
the following points should taken into consideration: 1) Loosening of the C=C
double bonds leads to the possibility of populating diﬀerent conformations.
Upon photoexcitation, retinal is considered to become very ﬂexible due to
a loosening of all C=C bonds of the conjugate chain [36] and movements
along torsional coordinates become more probable. Experiments on all-trans
retinal in solvents suggest that isomerization occurs after 1 ps only [58, 59,
60]. We therefore propose that the emission of the main and blue band stems
from diﬀerent quasistationary states (called stationary points [SP] [32]) on the
S1 potential surface, corresponding to diﬀerent conformations (along diﬀerent
torsional coordinates) of the chromophore, which will lead to the diﬀerent
isomers that are known to be formed in solutions; and 2), isomerization of
all-trans PSBR has an overall eﬃciency of only 15% – 27% in solutions [38,
20]. In other words, most (>75%) of the excited molecules do not undergo
isomerization and come back to the all-trans ground state.
The properties of the diﬀerent SPs give rise to the distinct ﬂuorescence
decay times and DAS (Table 3.1, Fig. 3.4.2). The following table assigns to
each SP an abbreviation which will be used in the following discussion, gives
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its characteristic quenching timescale τq and DAS, and designates if it leads to
non-reactive or reactive path:
SP τq [ps] DAS path
B 0.21 – 0.47 blue band non-reactive
M1 0.9 – 1.3 main band non-reactive
M2 3.4 – 4.4 main band reactive
M3 8.4 – 13 main band reactive
A more populated SP will show more intense DAS and the corresponding
relative amplitudes ai (Table 3.1) of the decay..
3.5.2 The ultrafast dynamics (<150 fs)
As is often the case in science, the most interesting features often lie just at
the very edge of experimental resolution. This is surely true for the PSBR
ﬂuorescence in solution measured with a time resolution of ≈100 fs. As we
will see, this is the timescale determinant for the outcome of the PSBR pho-
toreaction, when the relative populations of the non-reactive and reactive SPs
are determined.
High-frequency modes
A weak emission is detected in the immediate proximity of the excitation,
rising and decaying with the excitation pulse (440 – 500 nm, Fig. 3.7 C ).
This ultrafast unresolved decay leads to a sub-30 fs rise of high-energy wing
of the blue band and of the main band (Sec. 3.3.3 and 3.4.1). According to the
theoretical model by Gonzalez-Luque et al [32], this ultrafast decay and rise is
most probably the relaxation along high-frequency skeletal modes, overdamped
by anharmonic coupling to low-frequency modes, and expected to occur on a
20 fs timescale, as the ﬁrst event associated with bond order change in S1.
One of these modes, C=C in phase stretch, is directly optically excited
to the ν∗ = 4 level that is damped on a much slower timescale (0.5 - 2 ps). As
we have seen before (Fig. 3.4.2 and sections 3.3.1, 3.3.2), in AC the narrowing
of the PSBR ﬂuorescence is faster than in MeOH and DCM. This suggests
that the excited state vibrational cooling in AC is faster. A >3.4 times faster
decay is observed for the C=C stretch emission in AC compared to MeOH and
DCM. The relaxation process is solvent dependent, and it can be either due
to the vibrational cooling of the ν∗ = 4 C=C stretch vibronic level and the
subsequent lower levels directly to the solvent or the solvent inﬂuence on the
internal conversion (IC) between the excited and ground state.
Low-frequency modes, population of stationary points
The above mentioned high→low-frequency modes (HF → LF) coupling: a)
creates a wavepacket (point A on Fig. 3.23) of LF modes that gives rise to the
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high-energy emission of the blue band, and b) populates various SPs (B, M1, M2,
M3). The schemes on Fig. 3.24 illustrate the HF→LF coupling, and compare
the relative populations in the point A and four SPs at two characteristic time
delays: within the duration of the excitation pulse t<30 fs and at an instant
when the SPs reach their maximum populations t≈150 fs. The upper four
panels treat the case upon 400 nm excitation of the chromophore in MeOH
and AC. The PSBR/DCM system upon 400 nm excitation is not shown since
the spectrotemporal behaviors of PSBR/DCM and PSBR/MeOH ﬂuorescence
are very similar. Hereafter, we name the population in each SP with the
following notation: pA, pB, pM1 , pM2 and pM3 .
In AC, already for t<30 fs the distribution of populations in SPs is strik-
ingly diﬀerent than in MeOH (Fig. 3.24 A). The pA is approximately half of the
one found in MeOH and DCM, so in AC less energy has been transferred from
the HF modes. Two additional features distinguish AC from other solvents:
ﬁrst, the non-reactive M1 is not at all populated, second, the pM3 dominates
over pM2 whereas in MeOH exactly the contrary holds.
Going further in time, we observe the rise of populations in SPs with
the time constant of τrise2 ≈150 fs, a process that can be rationalized as fol-
lows. Since the high-energy wing of the blue band (intensity I ∼ pA) decays
additionally with a slower 150 fs component, which is found both in the rise
of the low-energy wing of the blue band (I ∼ pB) and in the rise of the main
band (I ∼ pM1 + pM2 + pM3) we propose that the wavepacket from point A can
proceed along diﬀerent paths on the S1 PES (arrows, Fig. 3.24 B). In MeOH
and DCM, these paths ultimately end up in B, M1, M2 and M3, whereas in
AC just in B, M1 and M3.
Summarizing the case of 400 nm excitation, by τrise=150 – 200 fs the
population in every SPs reaches its maximum value (Fig. 3.24 B). The amount
of energy transferred from HF to LF modes is smaller in AC than in other
solvents, which makes the population distribution solvent dependent.
In DCM, the population distribution is depending also on the excess
energy. Exciting the chromophore in that solvent with no excess energy (570
nm), the population is accomplished through the direct optical excitation,
and not through the HF → LF coupling like in the previous case of 400 nm
excitation. It is understandable that with 570 nm it is not possible to populate
the B stationary point since it lies higher in energy, and therefore out of the
FC zone. It remains unclear why only M2 and M3 (Fig. 3.24 C ) are populated,
and not also M1? The latter is energetically equivalent to the former and it
should lie in the FC zone, too.
Now, if we compare the population distribution in DCM upon 570 nm
excitation (Fig. 3.24 C ) with the one in AC upon 400 nm excitation (Fig.
3.24 B, right panel), we ﬁnd they are remarkably similar. It seems that in AC,
the energy from the FC zone on the S1 surface is evacuated rapidly in <30 fs,
making the initial conﬁguration of the chromophore very similar to the case of
the excitation with no excess energy.
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Figure 3.24: Schematic representation of SPs (black lines) on the S1 surface for PSBR in
MeOH and AC upon 400 nm excitation at A. t<30 and B. t≈150 fs, and for PSBR in DCM
upon 570 nm excitation at t<30 C.. The bar graphs give a rough estimation of population in
each SP at two time delays, for diﬀerent solvents and excitation wavelengths. A completely
ﬁlled bar graph corresponds to the population that would give the intensity of DAS equal
to 1, in units used on Fig. 3.4.2. The populations were calculated multiplying the DAS
intensities obtained from Fig. 3.4.2 B, D and F, by the decay amplitudes from Table 3.1.
(e.g. at t=0, M2 population for PSBR in MeOH is I(main band,t=0) · amp(main band,τ2)
= 0.6 · 0.72) = 0.4. Point A represents the position on the S1 surface where the wavepacket
of low-frequency modes is created (equivalent to point A on Fig. 3.23).
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The question is: where has the excess energy gone from the FC zone in
<30 fs and how AC can induce this ultrafast energy transfer process? Before
approaching this matter, in the following section we ﬁrst discuss the conse-
quences of two possible population distributions, created at t = 150 – 200 fs,
on the photoisomerization eﬃciency of the PSBR chromophore.
3.5.3 Reactive and non-reactive paths (t>150 fs)
After 100 – 150 fs maximum population in SPs (B, M1, M2 and M3) has been
established, and the ﬂuorescence from a SP starts to be quenched with its
characteristic time constant.
The ﬁrst two stationary points B and M1 we have assigned to nonreactive
channels (Sec. 3.4.2). Taking the data for all solvents studied here (Table
3.1) their emission is quenched in average in τblue ≈0.4 ps or τ1 ≈0.9 ps,
respectively. These decay constant can be most probably assigned to internal
back conversion (IBC) from S1 to S0, since according to the HPLC studies,
the most eﬃcient channel is the relaxation back to the all-trans ground state
[20, 54]. These constants do not show up as a rise time, in contrast to previously
discussed τrise=150 – 200 fs rise constant. They are therefore not associated
with cooling, as previously suggested [58].
The M2 and M3 stationary points have been assigned (Sec. 3.4.2) to
reactive channels, and they are quenched on the average in τ2 ≈4 ps and
τ3 ≈10 ps, respectively. τ2 and τ3 are similar to those found by other authors
[59, 58, 60], and we likewise attribute them to isomerization. We suggest the
faster τ2 may lead to the preferentially formed 11-cis isomer, whereas the slower
τ3 may represent the other isomerization channels [38]. The amplitudes of these
decay times do not represent the fractions of isomerized to all-trans molecules
determined in an HPLC analysis [20, 54]. This may be due to additional
branching between cis formation and return to the all-trans ground state, which
occurs after depopulation of the SPs, at the conical intersections with S0 for
large torsional angles [62]. Moreover, secondary ground state isomerization
processes, which occur at longer times and are not spectroscopically detectable,
may also contribute to the isomer ratio determined by HPLC.
Calculations for a PSBR analog in vacuum have shown that, when the
molecule evolves along the torsional mode, the transition dipole moment de-
creases [79], leading to quenching of ﬂuorescence before the CI is reached (Fig.
3.24). This implies that the ﬂuorescence reﬂects only the residence time in the
“optically active window” of the stationary points [59], therefore our experi-
ment is optically blind to the region in vicinity of the CI. Likewise, there is
no spectral red-shift associated with the torsional motion on the timescales of
τ2 and τ3. This situation rather suggests that the ﬂuorescence spectrum is an
ensemble average over molecules with diﬀerent degrees of torsion.
As discussed in the previous section, the presence of excess energy in the
FC zone favors the population of nonreactive SPs, M1 and B1 (Fig. 3.24). For
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the ﬁnal conﬁrmation of the proposed model, it is necessary to check by HPLC
techniques if the PSBR photoisomerization eﬃciency in “normal” solvents like
MeOH and DCM (Φiso = 0.17) can reach the value in AC (Φiso = 0.27),
simply by irradiating the sample with 570 nm light. If this is the case this
would corroborate our hypothesis that the excess energy in the FC zone is
responsible for lowering the Φiso value.
3.5.4 Inﬂuence of solvent properties
The most intriguing feature found up to now is the observation that AC is able
to rapidly (<30 fs) evacuate the excess energy from the FC zone of the PSBR
chromophore. Obviously, this energy can either: a) stay in the chromophore,
therefore AC enhances the S1 – S0 coupling and the HF modes transfer their
population by internal conversion (IC) to the ”hot” ground state, b) or it
can be dissipated to the solvent molecules by some ultrafast (<30 fs) cooling
process.
Both processes cannot depend on the bulk dielectric properties of the
solvent since MeOH and AC have very similar static dielectric constant εr and
polarizability nd.
From the review of Elsaesser and Kaiser [85] it is concluded that the hot
polyatomic molecules cool on a picosecond timescale by collisional interaction
with the neighboring solvent shell and by heat conduction to the rest of the sol-
vent. The latter two cooling mechanisms cannot rationalize process b) because,
ﬁrst, they are one order of magnitude too slow (at least 1 ps), and second, the
heat conduction diﬀusivity κ (Table 3.2) does not not abruptly increase in go-
ing from MeOH and DCM (solvents in which the PSBR ﬂuorescence has very
similar spectrotemporal behavior) to AC.
There are some other features that distinguish AC from MeOH, giving
us some hints for a possible ultrafast cooling mechanism. Horng et al. [23]
concluded that AC has the largest and the fastest inertial solvation component
with respect to all studied solvents (Table 3.2). From ref. [86, 87] it was
concluded that rotational motion clearly dominates the short time response
in acetonitrile, and solvation is dominated by the near neighbor molecules
in agreement with simulation studies [87]. Fleming and Cho [88] mention in
their review that if the solvent modes were strongly anharmonically coupled,
the intermolecular equivalent of IVR could occur very rapidly, and ultrafast
exponential (and not gaussian) dissipative initial relaxation could result, but
they do not mention any timescales. It remains unclear which model could
explain the experimental results, but it can be concluded that, if such ultrafast
cooling really exists it is not connected with collective eﬀects of the solvents,
but rather to one-to-one interaction between the PSBR chromophore and a
solvent molecule in the immediate proximity. Finally, AC has a dipole moment
twice as large as that of MeOH [65] (Table 3.2).
Even though the viscosity increases 15-fold (Table 3.2) the decay con-
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stants assigned to isomerization coordinate τ2 and τ3, within the experimental
uncertainty, keep the same value. A similar behavior has recently been re-
ported for the diﬀerent chromophore forms of the green ﬂuorescent protein in
solutions [89]. It points to a “volume-conserving” isomerization process (“hula
twist” [90] or “bicycle pedal” [91]).
Alternative explanations for bi-exponential isomerization dynamics (τ2
and τ3) have been proposed in the literature. Inhomogeneities in the solvent
environment may lead to diﬀerent isomerization times and explain the dif-
ferent decay times [92]. OctOH is known to be a complex-associated solvent
[93], which could indeed present this eﬀect. However, the values of τ2 and
τ3 and their amplitudes do not diﬀer very much for the various solvents and
we rule out this hypothesis. Alternatively, the presence of a barrier along
the trans-cis isomerization path can also lead to a biexponential decay [60],
in combination with a nonthermal distribution near the SP [58, 59, 60]. Re-
cently, Olivucci et al. [72] performed a quantum dynamics investigation on a
simpliﬁed two-dimensional analytical potential that mimics the PSBR S1 po-
tential and includes the above mentioned barrier. This investigation lead to
the conclusion that introduction of a tiny barrier along the isomerization co-
ordinate leading to the conical intersection, introduces bi-exponential instead
of mono-exponential decay of the S1 population.
AC MeOH DCM
εr(ω = 0) 35.94 32.66 8.93
nd (mPa s) 1.342 1.327 1.421
μ (D) 3.5 1.7 1.1
η (mPa s) 0.345 0.547 0.401
a (A˚) 4.4 4.1 4.7
κ (cm2 s−1) 1.16 1.00 0.916
solvation dynamics
a. inertial response
τ1/ps 0.09 (0.69) 0.03 (0.10) 0.14 (0.52)
b. diﬀusive response
τ2/ps 0.63 (0.31) 0.34 (0.28) 1 (0.48)
τ3/ps - 3.2 (0.30) -
τ3/ps - 15.3 (0.26) -
Table 3.2: Solvent properties for AC, MeOH and DCM from [65], and the ﬁt parameters
of the Spectral Response Functions S(t) taken from Horng et al. [23]. μ: permanent
dipole moment; η: absolute viscosity; a: distance between the molecules calculated from the
molecular volume a3 = M/(ρNA) (M : molar mass; ρ: density; NA: Avogadro’s number),
κ: thermal conduction diﬀusivity (κ = λM/(Cρ), λ: thermal conductivity; C: speciﬁc heat.
In general, the decay constants show hardly any dependence on dielec-
tric constant, polarizability, viscosity, or density of the solvents. Rather, the
solvents are able to inﬂuence the weights of each decay process, i.e. the initial
populations in diﬀerent stationary points on the S1 surface. This causes the
diﬀerent values of the average “cold” ﬂuorescence lifetime <τ> (7 ps in AC,
1.9 ps in cHex, ≈4 ps in all others, Table 3.1) although the individual quench-
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ing time constants remain the same within the experimental error. Evidently,
the inﬂuence of AC on the PSBR chromophore pops out from the inﬂuence
of other solvents, as discussed in the previous section. Which mechanism is
responsible for this eﬀect remains unclear.
3.5.5 Comparison with bacteriorhodopsin
The lack of a clear cut dependence of the timescales with solvent properties
suggests that the dynamics in solvents is governed by intramolecular mech-
anisms, in line with the comparable Stokes shifts found in the steady-state
spectra for both protic and nonprotic solvents. For all solvents studied, the
peak-to-peak Stokes shift is ≈40% – 50% larger than for bR [94, 46], even in
cHex (Table 3.1). It is dominated by intramolecular relaxation, and is 3 times
larger than the intramolecular part of the Stokes shift in bR (1500 – 2000
cm−1; [46, 95]). This directly suggests that the PSBRs in solvents are free to
undergo structural relaxation (predominately C=C and C-C stretch) of larger
amplitudes than in the tight protein binding cavity.
Figure 3.25: Changes of the geometry of the retinal from the all-trans (bR state) to 13-cis
conformation (K state). Water 402 molecule is situated below retinal. Picture taken from
Lanyi et al [96].
Using X-ray crystallography [97, 96], the structure of retinal chromophore
before and after isomerization was determines, as shown on Fig. 3.25 (picture
taken from [96]). It can be observed that in the protein, isomerization of
retinal occurs without dramatic structural changes. Recently, Rhrig et al [98]
investigated structure and dynamics of the PSBR chromophore in methanol
and in the protein binding pocket using diﬀerent computational approaches
(classical, quantum, and hybrid QM/MM descriptions). They found that the
chromophore is very ﬂexible in solution, in contrast to the protein environment
which, by steric repulsions, restricts the accessible conformational space of the
chromophore.
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Fig. 3.26 shows the structure of the retinal binding pocket in bacterio-
rhodopsin (picture taken from [99]). Luecke et al [99] have determined that the
polyene chain and the β-ionone ring of retinal are located at most 3.6 A˚from
the nearest amino acids, but the average distance stands around 3 A˚. This
latter value is ≈25% smaller than the average distance of methanol molecules
in liquid phase (a=4.1 A˚, Table 3.2). Assuming that even the distance between
retinal and methanol molecules is approximately 4.1 A˚, it can be concluded
that the solvent cage is indeed more spacious than the retinal binding pocket.
If we consider the above interpretation of the ﬂuorescence decay times, we
can conclude that in solvents the mild structural changes of the retinal will not
be strongly aﬀected by the environment as the solvent cages are large enough
to allow any small amplitude motion of retinal. Given that the backbone is
loosened as a result of excitation, isomerization takes place around several
C=C bonds, and all selectivity is lost. The lack of a clear cut dependence
of the solvent dielectric constant and polarizability also hints at a minor role
played by electrostatic interactions.
Figure 3.26: Region of the binding pocket in bacteriorhodopsin that contains an all-trans
retinal chromophore. Picture taken from Luecke et al [99].
In the protein, the environment is not only tighter but can also exert
forces that may vary in intensity on diﬀerent parts of the retinal backbone.
In this way the steric eﬀects force the system to undergo isomerization pref-
erentially around C13-14 bond. In addition, the protein may also inhibit the
non-reactive processes (IBC) in the same way as AC does, by evacuating the
excess energy from the FC zone. Experimental work on bR reconstituted
with nonisomerizing retinal analogs indicated a lifetime of 18 – 19 ps for IBC
[100, 34, 94], in contrast to the τ <1.3 ps process we observe here. In addition,
it appears that the bond selectivity for isomerization controlled by the protein
environment is possibly imposed during the entire excited state relaxation:
steering vibrational relaxation preferentially into reactive SPs, and inhibiting
the population of the nonreactive SPs.
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3.6 Conclusion
We have studied the ultrafast photophysics of all-trans PSBR in diﬀerent protic
and aprotic solvents. Steady-state spectra indicate large diﬀerences with re-
spect to PSBR in the protein binding pocket, in particular a very large (≈7500
cm−1) intramolecular contribution to the Stokes shift.
Upon 400 nm excitation, the time- and wavelength-resolved ﬂuorescence
up-conversion data reveal contributions of vibrationally relaxed and non-relaxed
bands. In addition, diﬀerent excited state relaxation processes are identiﬁed.
A ﬁrst sub-30 fs skeletal stretch relaxation causes the time-zero spectra to be
Stokes shifted at least by 5000 cm−1, with respect to absorption. Intramolec-
ular energy relaxation is operative on a 50 – 150 fs timescale, and depending
on the solvent and/or excitation-wavelength, it populates three (acetonitrile)
or four (other solvents) diﬀerent ﬂuorescent states, i.e. stationary points. Two
sub-ps decay constants (0.4 and 0.9 ps) are interpreted as the all-trans ground
state recovery, in line with the small isomerization yield of retinal in solvents.
Two ps-long decay components (4 ps and >8 ps) of the relaxed ﬂuorescence
are related to the torsional motion leading to the conical intersections for iso-
merization.
It is proposed that if the excess energy from the FC zone is evacuated
rapidly (<30 fs), nonreactive channels are less populated. The latter energy
transfer process seems to be particulary eﬃcient in acetonitrile, increasing
its photoisomerization eﬃciency by 50%. Nevertheless, this solvent-induced
enhancement is far smaller compared to the enhancement induced by the pho-
tocatalytic eﬀect of protein binding pocket.
No clear cut dependence on dielectric constant, viscosity, or density of
the solvents has been identiﬁed, suggesting that most of the ultrafast dynamics
presented here are dominated by intramolecular processes, probably due to the
mild structural changes of retinal upon isomerization, which is not aﬀected by
the “loose” solvent cage. On the other hand, for the protein, we suggest that
the signiﬁcantly more steric environment causes the selective isomerization
around the C13 atom. In addition, the “catalytic” action of the protein for an
increased isomerization yield seems to imply the inhibition of IBC on the path
from the FC region to the conical intersection.
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Chapter 4
Vibrational coherences of Protonated
Schiﬀ Base of all-trans Retinal in
Solution
4.1 Introduction
For the past ten years or so, several studies have been carried out on protonated
Schiﬀ bases of retinal (PSBR) in the native protein bacteriorhodopsin (bR), its
mutants and in solvents, which aim at identifying the detailed initial events of
the photoinduced reaction and their mechanisms. A central issue in the study
of retinal proteins is the understanding of how the surrounding environment
controls and aﬀects the chromophore early response to photoexcitation. It is
known that in bR, the isomerization yield is high (≈65%) and very selective
around the C13=Cl4 double bond [101], while in solvents, it is low (<27%) and
highly unselective, occuring around the C9=C11, C13=C14, C11-C12 bonds
[38, 20]. Such large changes between the two environments have mainly been
attributed to electrostatic eﬀects [41, 47, 46, 102], although these are diﬃcult to
distinguish from steric eﬀects, which also must be present [103, 97]. A further
complication comes from the fact that the ultrafast intramolecular dynamics
and the intermolecular ones occur concurrently [47, 46, 27, 36].
In order to disentangle between electrostatic and steric eﬀects and be-
tween intra- and intermolecular relaxation pathways, it is necessary to tune
the environment properties that are expected to contribute to the ultrafast
dynamics. This was recently done by Ottolenghi and co-workers, who studied
the ultrafast dynamics of PSBR in the native protein and in ethanol using
ultrafast transient absorption spectroscopy [104]. They observed vibrational
coherences of the conjugated chain, whose oscillation frequency changed from
120 cm−1 in solution to 170 cm−1 in the protein. Kobayashi et al [36] observed
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similar vibrational coherences in the protein (in addition to other higher fre-
quency modes). The mode corresponding to these coherences has recently
been addressed theoretically [79], and experimentally using the normal mode
analysis of the Raman spectra [83], and assigned to delocalized skeletal tor-
sional motions of the polyene backbone. It is also now well established that
the initial photoinduced event in bR is not the isomerization of retinal [36, 61],
which takes place in 400-500 fs [42]. Rather, the skeletal torsions may “guide”
the twisting of the chromophore and possibly also control the isomerization
rate, as it was concluded by Mataga et al [105, 106] from their experiments on
photoactive yellow protein (PYP) and its site-directed mutants. Excitation of
the low-frequency modes such as various torsions (not necessarily the torsion
around the isomerizing double bond) may deform the chromophore toward the
conical intersection with the ground state surface [107, 108, 109, 110].
In order to investigate in more detail the environment eﬀects on the
dynamics of PSBR, we recently carried out a comparative study of the ultrafast
ﬂuorescence in an extended range of solvents, both protic and a protic, diﬀering
by over an order of magnitude in dielectric constant or viscosity (Chapter 3 and
ref. [111]). Since PSBR have such largely diﬀerent isomerization channels and
eﬃciencies in the protein and in solvents, it would appear that the relaxation
times should be good markers of the relaxation pathways and of the way these
are inﬂuenced by the environment.
When 400 – 425 nm excitation is used, we identiﬁed three emission bands
of which the most intense one is vibrationally relaxed (a band, Fig. 4.4 B) and
other two are non-relaxed (b and c bands, Fig. 4.4 B). In addition, diﬀerent
excited state relaxation processes are identiﬁed that are characterized by four
decay times 0.4, 0.9 ps, 4 ps and >8 ps. The ﬁrst two, we attributed to re-
turn to the all-trans ground state, while the last two to isomerization around
C11 and isomerization around the other bonds in solution [20], respectively.
In acetonitrile it was found that the nonreactive channels are less populated,
having as a consequence 50% larger photoisomerization eﬃciency, but the re-
laxation times remained practically constant. The latter did not show any
systematic trend with either property of the solvent, nor between protic and
aprotic solvents.
The work of Hou et al [104] suggests that the vibrational coherences
represent another marker of the environment since they found largely diﬀerent
values of the vibrational period between ethanol and the protein. Here, we
show that our ultrafast ﬂuorescence decay curves contain weak modulations,
which are due to vibrational coherences. Building on our foregoing work, we
have investigated their dependence for the same set of solvents used in the
previous chapter. The experimental procedures used here are described in
detail in the previous chapter.
Just as for the decay times, no clear solvent dependence can be identiﬁed.
This supports our conclusion from Chapter 3 and ref. [111] that in the protein,
the dynamics is largely determined by steric eﬀects.
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4.2 Results
The ﬂuorescence decay curves for the chromophore in MeOH at the blue and
red edges of the spectrum, i.e. at 590 and 820 nm, are shown in Fig. 4.1 (lower
panels). These two traces are typical of all solvents, they rise within 150 fs and
decay multiexponentialy as discussed in ref. [111] and Chapter 3. At delay
times >150 fs, one can distinguish weak modulations spaced by ≈280 fs, which
are signatures of vibrational coherences (Fig. 4.1, dashed lines). Owing to the
high signal-to-noise ratio of the experimental data, it is possible to observe
the oscillation amplitudes which are only 2 – 3% of the total ﬂuorescence
intensity. The experiments were repeated several times, conﬁrming that the
observed oscillations are reproducible. Moreover, they appear in all solvents
studied here.
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Figure 4.1: Vibrational coherences in the ﬂuorescence decay curves for all-trans PSBR in
MeOH, excited at 400 nm, at the blue (590 nm) and red (820 nm) edges of the spectrum.
Upper panels show the oscillating residuals extracted by subtracting multiexponential ﬁt
(grey lines) from the initial data.
We ﬁtted each emission decay curves by a multiexponential functions,
using the rise time and the decay times obtained from the spectral decomposi-
tion analysis in Chapter 3, and extracted the residuals (Fig. 4.1 upper panel).
The ﬁtting procedure was repeated for each decay curve contained in the ini-
tial spectrotemporal matrix (λ = 475 – 880 nm) and the extracted residuals
were used to construct the residual matrix, shown on Fig. 4.2. The initial 100
– 150 fs of all residuals are not reliable, since their form is very sensitive to
the multiexponential ﬁt used for subtraction of the background signal. This
causes the appearance of artifacts for t<150 fs on Fig. 4.2 (black spots).
To obtain higher signal-to-noise ratio than in Fig. 4.1, we average several
residuals from the residual matrix in the region ±5 nm around the wavelength
of interest. Using the latter procedure the residuals at 590 nm and 820 nm
are again obtained (Fig. 4.3). They show a ﬁrst modulation occurring in all
solvents at ≈200 fs, followed by a second one ≈280 fs later. In the residual at
590 nm an additional modulation spaced by the same time, may additionally
appear (white arrow, Fig. 4.3 lower panel). Note that the 590 nm and 820 nm
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Figure 4.2: Image plot of the residual matrix extracted from the initial time resolved ﬂuo-
rescence matrix of all-trans PSBR in MeOH, excited at 400 nm. The extraction procedure
is described in the text. The image is a combination of two scans with 800 nm and 1140
nm gate, covering 475 – 734 nm and 734 – 870 nm spectral range, respectively. The dashed
rectangles mark the intensity modulations at delays of t≈220 fs and t≈500 fs. The curved
lines, especially prominent from 0.5 to 1.5 ps, are the artifacts caused by the GVD correc-
tion process. For t<150 fs artifacts in form of black spots are present due to the unperfect
subtraction of rising ﬂuorescence and of the Raman peak of solvent (around 500 nm). After
1 – 1.5 ps the delay step increased from 10 fs to 50 fs.
residuals are shifted in phase by ≈180◦.
The variation of the amplitude of vibrational coherences as a function
of wavelength is obtained by averaging the spectra from the residual matrix
at delay time of t=210±10 fs. The spectrum is shown in Fig. 4.4 A. At
this delay time the 590 nm and 820 nm residuals reach their maximum and
minimum values, respectively (Fig. 4.3). From Fig. 4.4 A it is observed that
the oscillations do not spread across the entire energy region of the ﬂuorescence
spectrum. Instead, they are restricted within two energy sections on the blue
and red edge of ﬂuorescence, that is from 500 to 675 nm, and from 750 to more
than 900 nm, respectively. The origin of the two dips in the spectrum (around
620 and 570 nm, Fig. 4.4 A) is not clear and may be just an experimental
artifact.
To be able to compare the energy span of the oscillation amplitude with
respect to the ﬂuorescence bands, Fig. 4.4 B additionally shows three DAS
obtained from the spectral decomposition analysis of the time-resolved ﬂuo-
rescence (Chapter 3). The oscillations are not concentrated in the spectral
region of only one ﬂuorescent band. On the blue edge they coexist with the
blue band, whereas on the red edge with the double-band and the main band.
Up to now, we presented the results for all-trans PSBR dissolved in
78
In
te
n
sit
y 
[a.
u.]
-50
50
0
-100
100
75
0
-75
150
-150
0.8 1.0 1.2 1.40.60.40.20.0
 Time [ps]
T=280 fs
820 nm
590 nm
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B. Decay Associated Spectra resulted from the spectral decomposition analysis of the time-
resolved ﬂuorescence of all-trans PSBR in MeOH excited at 400 nm: a) the main band, b)
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MeOH. We performed equivalent experiments with the remaining six solvents
and analyzed the data in the same manner as when MeOH was used. For
all solvents, the extracted residuals were very similar and the same features
were observed as in MeOH: a) we ﬁnd two regions, on the blue and the red
edge of the ﬂuorescence spectrum, where the oscillations are concentrated, b)
the oscillations from these two regions are shifted in phase by ≈180◦, and c)
the ﬁrst modulations are spaced by the same time of 280 ± 20 fs. Fig. 4.5
compiles the residuals at 590 nm (averaging range ± 5 nm) for all solvents. A
very important observation is that in ﬁve out of seven solvents the oscillations
do not start before 100 fs.
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Figure 4.5: Solvent dependence of the oscillating residuals at 590 nm for all-trans PSBR
in various solvents, excited at 400 nm. The residuals were extracted by subtracting mul-
tiexponential ﬁt from the initial 590 nm time trace using the constants from the spectral
decomposition analysis of the time-resolved ﬂuorescence.
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4.3 Discussion and conclusion
The vibrational coherences with the same time period were observed by Hou
et al [104] in their transient absorption study of all-trans PSBR in EtOH. The
appearance time of ≈150 fs suggests that the coherences do not start at t =
0, but need an “incubation” time in the appearance of the ﬁrst vibrational
coherence on S1. The “incubation” time may be related to the dynamics from
the Franck-Condon region to the stationary points (SP) suggested by De Vico
et al in their theoretical work [62]. Note that the initial 200 fs appear in Hou
et al’s work on native and locked PSBR [61] and in Kobayashi et al’s [36], as
a time span over which no isomerization takes place.
Recently, by measuring the response of nearby tryptophans to the impul-
sive excitation of retinal in bR, it was shown that this time span corresponds
to the delocalization of charge along the retinal backbone prior to isomeriza-
tion [112]. These results suggest that the low frequency mode in the 100 – 120
cm−1 range, associated with the observed T = 280 ± 10 fs modulation is not
immediately triggered upon impulsive photoexcitation of retinal, but appears
as a result of electronic energy relaxation and/or vibrational energy redistri-
bution from high to low frequency modes. In Chapter 3 we demonstrated that
the latter process is indeed present in PSBR chromophore, and is responsible
for ultrafast sub-50 fs Stokes shift of the emission from the Franck-Condon
zone.
Such impulsively created wave packet constructed from the vibrational
states is generated at a nonequilibrium state on the excited-state potential
surface. It moves back and forth, resulting in emissions that are modulated
with the frequency of the excited low-frequency mode, and are wavelength
dependent, having opposite phases at opposite sides of the spectrum where
the wavepacket reaches the turning points on the excited-state potential curve.
This feature is clearly observed on Fig. 4.3.
The absence of the oscillations in 670 – 750 nm range (Fig. 4.2 and 4.4)
can be qualitatively rationalized as follows. When the wavepacket is observed
at a wavelength corresponding to the transition energy at the center of the
motion, it will be detected twice in T=280 fs period, and the frequency of ob-
served modulations will double. The limited time resolution of our experiment
does not allow observation of the modulations with frequencies signiﬁcantly
above 120 cm−1, and thus the oscillations will be smoothed out. More funda-
mental reason for the absence of the oscillations in the center of the spectrum
is that the probability of emission is much higher at the turning points where
the classical speed of wave packet attain zero, than in the central part of the
potential curve where the speed of wave packet acquires its maximum value
[113].
The remarkable feature of Fig. 4.5 is the invariance of the modulation
period with respect to the nature of the solvent, although they span a large
range of viscosities, densities and dielectric constants (Table 3.1 in Chapter
3). This implies that neither of these properties aﬀects the torsional mode.
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On the other hand, as already mentioned, in the protein this mode is strongly
aﬀected, it increases to ≈170 cm−1 [104]. The invariance of the mode frequency
in solvents has to be cast in the light of the invariance of the decay constants
characterizing the isomerization process, reported and discussed in ref. [111]
and Chapter 3.
We can explain the invariance of the torsional mode frequency or the
isomerization times with respect to viscosity and/or density by ﬁrst noting that
the isomerization leads to a minor structural change of retinal [97]. Recently,
using diﬀerent computational approaches Ro¨hrig et al [98] concluded that the
chromophore is more ﬂexible in solution, than in the protein binding pocket
where steric repulsions are stronger. Thus, in the loose and ﬂoppy solvent
environments, the dynamics is largely governed by intramolecular eﬀects as
the chromophore feels little the solvent cage boundaries. As far as electrostatic
eﬀects are concerned, one would expect a more clearcut signature given that
photoexcitation of retinal leads to a large dipole moment change [112], but
there again the invariance of modulation frequency and of the relaxation times
([111] and Chapter 3) lead us to exclude signiﬁcant intermolecular eﬀects in
the isomerization dynamics of PSBR.
Therefore, the present results in combination with those of Hou et al
[104], reinforce our conclusions from Chapter 3, that within bR the isome-
rization dynamics of retinal is largely governed by steric eﬀects. Basically,
contrary to solvents where photoexcitation “loosens” the retinal backbone al-
lowing unselective isomerization around various C=C bonds, in the protein the
retinal is clamped by the rigid geometry of the surrounding amino-acids and
only isomerization around the C13-C14 bond can occur. The high isomeriza-
tion yield compared to solvent may simply be due to the fact that the initially
deposited energy, which in solvents would trigger isomerizations around many
C=C bonds, is funnelled into only one such bond.
In summary, we have observed vibrational coherences in the ultrafast
ﬂuorescence kinetics of PSBR in various solvents. The modulation frequency
is invariant with respect to the solvent properties. This together with the fact
that the modulation frequency is notably diﬀerent in the protein, and that
the isomerization decay times are invariant to the solvent properties, suggest
that in the protein, the isomerization dynamics of retinal is largely governed
by steric eﬀects.
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Chapter 5
Conclusions
In this thesis, we have explored the inﬂuence of solvent environment on the ul-
trafast excited-state dynamics of a biologically relevant photo-active molecule.
As a model system we have chosen the protonated Schiﬀ base of all-trans reti-
nal (PSBR), the chromophore of a retinal protein — bacteriorhodopsin. Our
motivation was to ﬁnd out why the chromophore in the protein pocket has
two to four times more eﬃcient photoisomerization reaction than in the liquid
phase?
The excited-state dynamics was explored by time resolving ﬂuorescence
of the chromophore. For this purpose, a novel experimental setup, the poly-
chromatic ﬂuorescence up-conversion, has been designed and constructed that
allows broad band detection of the ﬂuorescence spectra with the time reso-
lution of 100 fs. The advantage of the polychromatic over traditional single
wavelength up-conversion setup is not only in the ease of use and superior
signal-to-noise ratio. It has been shown that knowing the complete spectrotem-
poral behavior of ﬂuorescence greatly facilitates the identiﬁcation of diﬀerent
relaxation processes in the excited state.
The steady-state measurements revealed that solvent dielectric relaxa-
tion plays only a minor role since it induces at most 10% of the total Stokes
shift, even in the most polar solvents, such as MeOH and AC. These surpris-
ingly small values cannot be rationalized by the dielectric continuum model,
therefore, it may be that the overall solvation process is strongly solute depen-
dent. The Stokes shift in solvents is dominated by intramolecular relaxation,
which is not observed in bR. This directly suggests that the PSBRs are free
to undergo structural relaxation of larger amplitudes in solvents than in the
protein environment.
Several reactive and non-reactive pathways have been identiﬁed in the
excited-state of the chromophore. It is suggested that the reactive paths get
preferred if no excess energy is present in the Franck-Condon (FC) zone. Ace-
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tonitrile seems to be the only solvent that is able to evacuate the excess energy
rapidly enough from the FC zone (<30 fs) and increase the photoisomeriza-
tion eﬃciency of PSBR by 50% with respect to other solvents. In the loose
and ﬂoppy solvent environments, the chromophore feels little the solvent cage
boundaries probably due to the mild structural changes of retinal upon isome-
rization and the dynamics is largely governed by intramolecular eﬀects. But
even for PSBR in acetonitrile, which is the best-case scenario for the liquid
phase, the achieved eﬃciency is more than two times smaller than in the pro-
tein.
Which property of the protein is responsible for this photocatalytic eﬀect?
The tight and rigid geometry of the protein binding pocket constrains the
chromophore, allowing only the movements that are necessary for biological
function. In that way, the initially deposited photon energy is more eﬃciently
funnelled into isomerization along only one double bond. Additionally, protein
may prevent exploring of the excited-state surface and population of non-
reactive channels of the retinal by evacuating excess photon energy from the
Franck-Condon zone.
Thus, at least in bacteriorhodopsin, the isomerization dynamics of reti-
nal is largely governed by steric eﬀects and dielectric properties of the protein
binding pocket does not seem to play an important role. What we did not
consider is the inﬂuence of the point charges in the close vicinity of the chro-
mophore on the structure of the photoisomerization paths. Recently, it has
been shown [114] that the distance of the counterion from the retinal back-
bone modiﬁes steepness of the energy proﬁle along isomerization coordinate.
To produce a bR mutant which would have the counterion a bit displaced
that the native protein is not an easy task. But, since in some solvents it is
possible to chemically “screen” the charge of counterion [69], it would be in-
teresting to check how this aﬀects the excited-state dynamics and consequent
photoisomerization eﬃciency.
The study presented has demonstrated that femtosecond time resolved
ﬂuorescence spectroscopy can provide valuable information about the excited-
state reactions in photosensitive biological systems.
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